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ABSTRACT 
An investigation of variability in hydrological and 
bacterial parameters at a fixed coastal station 
(Oudekraal. Cape Peninsula 33°59'S 17°21'E) showed that 
bacterial populations varied in numbers and biomass on 
both a short term (daily) and seasona 1 bas is. in response 
to changes in hydrological conditions which were largely 
wind induced. 
During summer. regular and persistent offshore winds 
induced upwelling events during which cold. nutrient rich 
South Atlantic Central Water was advected to the surface 
and exported offshore. This upwelled water had a low 
bacterial biomass (<15.0)Jg -1 c. 1 ) • but a high 
diversity of genera and physiological types. On advection 
to the surface. upwelled water was rapidly colonised by 
phytoplankton. and associated with these blooms. an 
increase in bacterial numbers and biomass occurred. As a 
result. water sampled during inter-upwelling periods had a 
high bacterial biomass -1 c. l ) . The growth of 
phytoplankton rapidly depleted the nutrients in upwelled 
water. such that they approached limiting levels within 5 
days. but as offshore winds regularly induced new up-
wellings. nutrient stocks were constantly renewed. whidl 
f ' 
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maintained both phytoplankton and bacterial populations 
in a young physiological state. As a .result, little 
difference in the structure o.r diversity of plateable 
bacte.r ial populations de.r i ved f .rom upwelling o.r 
downwelling waters could be discerned during summer. 
During winter, offshore winds and upwelling events were 
.rare. Bacterial populations associated with these 
upwelling events were low in biomass and similar in 
s t.ructu.re and 
upwelling water 
diversity to populations derived from 
in summer, but during the lengthy inter-
upwelling periods occurring during winter, the bacterial 
population increased in biomass but decreased in diversity 
as the upwelling population, which was dominated by 
fermentative isolates (Vibrio, Enterobacteriaceae) was 
.replaced by one dominated by oxidative isolates 
(Pseudomonas, Acinetobacte.r). 
The close association between bacterial population 
development and phytoplankton bloom development was 
confirmed during a 43 
On enclosure, the 
colonised by an 
day incubation of upwelled water. 
nutrient .rich water'-- was .rapidly 
extensive. phytoplankton bloom. 
Associated with this bloom, a .rapid increase in both 
numbers and biomass of bacteria dependent on labile D.O.C. 
and P.O.C. occurred. During this population increase, the 
initial plateable population, which was diverse and 
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dominated by fermentative isolates (Vibrio, 
Enterobacteriaceae) was replaced by a population of low 
diversity, dominated by oxidative isolates (Pseudomonas, 
Acinetobacter) similar in structure to populations of 
winter downwelling water. This population showed a wide 
range of catabolic properties. and was highly active in 
taking up 14c radiolabelled glucose, alanine, aspartic 
acid and glutamic acid. 
Following the development of the phytoplankton bloom, 
nutrient levels (N03 ) fell to very low levels (1~g 
at.l-1 ) and the bloom subsequently senesced. Following 
this senescence, bacterial numbers and biomass fell to low 
levels. accompanied by a increase in diversity and the 
reappear- ance of fermentative isolates. Subsequent to 
the decline of this initial population, a second increase 
in the bacterial population occurred, producing high 
biomass levels (>200.0~g C.l- 1 ) of a population with 
low diversity, again dominated by oxidative isolates. 
This population. however, 
catabolic properties. 
displayed a restricted range of 
and failed to take up 14c 
radio labelled glucose, alanine, aspartic acid or glutamic 
acid, suggesting that it was dependent on recalcitrant 
D.O.C. and P.O.C. remaining from the initial phytoplankton 
bloom. 
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Transects of the Benguela region, from the shore to the 
oceanic front, both off the Cape Peninsula and off Cape 
Columbine, showed that highest bacterial biomass occurred 
in the euphotic zone close inshore, in association with 
waters rich in Chl a. The development of phytoplantkon 
blooms was strongly related to the presence of nutrient 
rich upwelled water, while the presence of fronts appeared 
to effect vertical mixing in the water column which 
maintained nutrients above limiting levels offshore. 
These transects confirmed the hypothesis that the 
biological characteristics of the surface upwelled waters 
was dependent on the length of time of exposure in the 
euphotic zone, and suggested that the oceanic front is 
characterised by the juxtaposition of a highly oligo-
trophia oceanic population with a more eutrophically 
adapted inshore population. 
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FIGURE 1: Map of the southern portion of the Benguela 
Upwelling Region, showing 3 prominent upwelling s1 tes · 
( rrn) . ~ . LJ.ne A shows the 20 stations comprising the Cape 
Columbine frontal zone transect (Section 4.3). Line B snows 




Marine microbial communities are complex assemblages of a 
variety of prokaryotes and eukaryotes of varying size, 
morphology and physiological state (Lucas, 1985). The 
heterotrophic populations in particular are genetically 
diverse, although dominated by gram-negative cells, and 
display a wide range of physiological properties. 
Heterotrophic bacteria have a number of characteristics 
which confer on them a significant strategic advantage in 
an oligotrophic environment where sources of nutrient may 
be transitory and rare: they can utilise dissolved organic 
and inorganic nutrient at very low substrate concentra-
tions, and many have been shown to have uptake mechanisms 
specific to rare substrates (Morita, 1984a; Button, 1985; 
Davis and Robb, 1985). They show a wide range of catabolic 
properties and are able to use highly refractory materials 
such as plant polymers (Fenchel and Jorgensen, 1977; Fen-
chel and Blackburn, 1979) and in addition are small and 
have a high surface-volume ratio - Williams (1981) showed 
that although bacterial biomass in a CEPEX enclosure was 
only 4.6% of the total planktonic biomass, bacterial 
surface area was 69% of the total of all organisms. 
Furthermore, bacteria have a short lag phase and rapid 
doubling rate, and are thus able to take quick advantage 
of favourable conditions (Pomeroy, 1984). In addition, 
many marine heterotrophs exhibit starvation-survival 
adaptions which enable them to survive long periods of 
unfavourable conditions (Novitsky and Morita, 1976, 1978; 
Tabor et ll·, 1981; Torrella and Morita, 1982; Amy and 
Morita, 1983a, b; Morita, 1982}. 
Even in a diverse range of marine habitats such as 
tropical, temperate, arctic, nearshore and oceanic water 
masses, bacterial numbers are fairly high and consistent 
(1 X 1 X cells.ml-1 van Es and 
Meyer-Rei!, 1982: Azam et al., 1982} and most appear to 
be free living (Pomeroy, 1984; Lucas, 1985}. Estimates 
of bacterial biomass vary widely, however, from 1 to 200pg 
-1 C.l , and appear to be closely linked to the 
availability of nutrient, and in particular carbon, in the 
system (Meyer-Rei!, 1977; van Es and Meyer-Reil, 1982; 
Wright, 1984; wangersky, 1984}. 
A close association between bacterial biomass and activity 
and primary production has been demonstrated for both 
fresh and marine waters. Both plankton and macro-algae 
secrete a variety of compounds as dissolved organic matter 
(D.O.M.}. The rate of release varies with physiological 
state, but may represent up to 50% of photosynthetically· 
derived organic carbon (P.D.O.C.} (Ignatiades and Fogg, 
1973; Williams 1981a; Larsson and Hagstrom, 1979, 1982: 
Lancelot, 1984). P.D.O.C. consists of a wide variety of 
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compounds such as glucose (Hellebust, 1970; Eberlein et 
al., 1983), mannitol (Newell et al., 1980) and other 
carbohydrates as well as amino acids (Crawford et al. 
1974; Bright and Fletcher. 1983a, b) and vitamins 
(Lancelot, 1984). Between 9-48% of P. D. 0. c. consists of 
small molecules (<SOOd) which are rapidly taken up and 
utilised by bacteria, whilst more refractory substances 
requiring modification by extracellular enzyme hydrolysis 
are taken up more slowly. Up to 90% of P.D.O.C. 
production is utilised by bacteria at rates of between 
5-40%.h- 1 (Derenbach and Williams. 1974; Lancelot, 
1979; Larsson and Hagstrom. 1979. 1982; Wolter. 1982; 
Lancelot. 1984; Lucas, 1985) and can meet between 60% and 
100% of heterotrophic bacterial requirements (Joiris et 
~ .• 1982; Larsson and Hagstrom, 1982). 
Not all P.D.O.C. is readily utilisable, however, and that 
proportion remaining after initial bacterial utilisation 
may form the basis of residual pools of D.O.C. in marine 
-1 waters which vary between 0.3 and 1.2mg C.l 
(Strickland and Parsons. 1968; Morita, 1982, 1984b). 
The utilisation of D.O.M. can be viewed as . a temporal 
sequence in which small (<SOOd) molecules are used first 
and the larger and more refractory compounds later - this 
sequence may be accompanied by successions in the 
4 
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heterotrophic community (Jones. 1977; Martin, 1980). In 
investigations into the heterotrophic utilisation of kelp 
exudates. Linley et a 1. ( 1981) showed that success ions of 
bacterial morphotypes occurred, and Martin {1980) and 
Martin and Bianchi (1980) showed similar changes in 
-· 
association with natural phytoplankton blooms. 
There is also an association between elevated levels of 
particulate organic matter (P.O.M.) and increased abun-
dance of bacteria (Goulder. 1977; Hanson and Wiebe, 1977: 
Itturiaga, 1979; Wanger sky, 1984). Physical damage. 
fragmentation, grazing and senescence of planktonic and 
macro-algae all result in the formation of complex parti-
culates. In addition. less than 10% of macro-algal 
production is consumed directly by herbivores (Field, 1984; 
Lucas. 1985) and much of the macro-algal production enters 
the detrital pool. 70% of the annual production of 
Ecklonia maxima and Laminaria pallida kelp on the west 
coast of south Africa enters the water column as P.O.M. 
and wrack (Newell and Lucas, 1981). Of that proportion 
cast up on the beach, 74% was consumed by amphipods and 
dipteran larvae. as shown in studies by Griffitrrs and 
Stenton-Dozey (1981). Koop and Lucas (1983) and Koop et 
(1982a, b). but as these herbivores had low 
assimilation efficiencies, 80% of this material was 
returned to the system in the form of faeces which were 
utilised by bacteria. The importance of bacteria as 
mineralisers in this system has been detailed by studies 
on the heterotrophic utilisation of kelp and phytoplankton 
detritus and kelp exudates (Lucas et ~-· 1981: Linley et 
al .• 1983; Newell et ~-· 1981: Stuart et al .• 198la). 
In pelagic systems. phytoplankton dominates the primary 
productivity. Although in temperate areas between SO% and 
90% of . phytoplankton biomass is consumed by zooplankton 
(Field. 1984; Lucas. 1985). in upwelling systems the 
bloom and decay of phytoplankton takes place rapidly 
(Bar low. 1982b. 1984) and zooplankton turnover rates are 
too slow to produce populations capable of grazing more 
than about 3% of the phytoplankton biomass (Barlow. 
1982b; Moloney et al.. 1986). As a result. much of the 
phytoplankton biomass enters the detrital pool, 
particularly under conditions of nutrient limitation when 
blooms senesce (Barlow. 1984). such detritus is rapidly 
and efficiently utilised by bacteria (Newell et al .• 
1981; Stuart et al .• 198la. b). 
As a result of 
ductivity and 
uctivity. areas 
this close coupling between primary pro-
bacterial biomass. activity and prod-
of high primary productivity such as 
estuaries and inshore areas tend to have a high associated 
bacterial biomass. Since primary productivity is limited 
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principally by light and nutrients, areas of elevated 
primary productivity are limited to the euphotic zone of 
areas where nutrients are readily available. 
Upwelling areas are characterised by the regular advection 
to the surface of nutrient rich bottom water, and are 
amongst the most productive areas of the world's oceans 
(Anciete, 1981). The hydrology of the inshore waters of 
the west coast of South Africa is dominated by such a 
system, which can be regarded, together with those of 
Peru, California and North-West Africa, as one of the 
major upwelling systems in the world's oceans. This 
upwelling is particularly intense at a few sites (fig.1) 
and occurs in response to south-easterly offshore winds 
which blow throughout the year, although they are most 
common in summer (Andrews and Hutchings, 1980: Jury et 
al., 1985a, b: Chapman and Shannon, 1985: Shannon, 1985b). 
Upwelled water is rich in nutrients such as N0 3 , No2 , 
P04 and sio3 , but has a low phytoplankton population, 
since it originates far below the euphotic zone (Andrews 
and Hutchings. 1980). Although upwelled water initially 
carries a low D.O.C. and P.O.C. load, by the time it has 
passed through the inshore area, it may have acquired a 
substantial D.O.C. and P.O.C. concentration derived from 
the inshore macrophyte beds, together with the attendant 
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microflora. Koop et tl· (1982a) have shown that mannitol 
fermenting bacteria specific to the nearshore region of 
the kelp beds may be exported for some distance offshore 
during upwelling. 
Once advected to the surface. upwelled water forms plumes 
and patches which move offshore (Hutchings. 1981; 
Hutchings et tl·. 1984). The extent to which they are 
maintained. and the distance that they move. is largely 
determined by the wind history. but Hutchings (1981) 
suggests that they may be maintained for >5 days before 
being dispersed by mixing or returned to the shore by wind 
reversals (down·weilin<i!~) ~-: 
once upwelled water has reached the euphotic zone it is 
subject to rapid phytoplankton blooms. which may take only 
5 days to reach late log·· phase (Barlow. 1982a, bL This 
growth depletes the nutrients and the bloom then enters a 
senescent phase (Barlow. 1984). The rapidity with which 
the bloom develops is dependant on the hydrological 
conditions. the nutrient concentration of the water and on 
the size of the seeding population (Brown and Field. 1986). 
To date. no work has been done on the development of 
bacterial populations associated with the development of 
phytoplankton blooms in the Benguela system. Extensive 
work on the degradation of kelp detritus (Newell et tl-. 
1980; Linley and Newell. 1981; Stuart et tl·· 1981a. b) 
8 
kelp exudates (Linley et al., 1981; 
and phytoplankton detritus (Newell 
Lucas et al., 1981) 
et al., 1981) have 
demonstrated the central rol~ which heterotrophic bacteria 
play in nutrient cycling, but all of these studies have 
regarded the bacterial community as being homogenous in 
structure and activity. Martin (1980), Martin and Bianchi 
(1980) and Fukami et .21_., (1985a, b) on the other hand, 
have demonstrated that significant changes in the structure 
and activity of bacterial communities takes place in 
association with different phases of phytoplankton bloom 
development and decay. Mazure (1977, 1978) and Davis 
(1985) have shown that the heterotrophic population of the 
kelp b,eds is composed of a variety of taxonomic groups 
such as Vibrio, Pseudomonas, Acinetobacter, Flavobacterium 
and members of the Enterobacteriaceae, and that the 
numbers, biomass and structures of the population varies 
seasonally. Mazure (1978) hypothesised that seasonal rates 
of primary production and detritus formation influenced the 
structure of the bacterial population, but sampling in that 
study was conducted monthly, and given the rapid development 
of phytoplankton blooms in the Benguela upwelling system, 
it is unlikely that short term variability would be shown. 
Davis et al. ( 1983) showed that discrete assemblages of 
bacteria were maintained in 4 closely related habitats in 
the Benguela system (beached kelp, interstitial water, 
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inshore water. offshore water) and suggested that signifi-
cantly different populations of bacteria arose and were 
maintained by specific genetic traits which conferred a 
selective advantage in those habitats (Robb et ~-· 1985). 
Given the short lag time and rapid turnover rate of bac-
teria. it is probable that rapid changes in structure and 
activity of heterotrophic populations arise in the Benguela 
system in response to short-term variations in hydrological 
conditions. but no studies have been conducted ·to date 
which describe this. 
several problems attach to any such study of natural 
microbial populations. Without recourse to such techniques 
as immunofluorescent labelling (Dahle and Laake. 1982; 
Laake et al .• 1983b), any study attempting to follow 
changes in the structure of the bacterial population has 
to utilise bacteria isolated in some way - this is usually 
done on solid media. It has been widely observed. 
however. that the viable count on solid media is usually 
very much lower than the total count observed in natural 
waters (Buck. 1979). an effect largely ascribed to the. 
adaption of much of the population to oligotrophic 
conditions (Morita. 1984) and to the selective nature of 
most media. 
Populations of bacteria in upwelling water have been 
subjected to starvation conditions for a long time. 
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The bottom residence time of South Atlantic Central water 
is very long (>500 yrs) (Morita, 1984b; Shannon, 1985b) 
and has a low organic carbon content. As shown by 
Novitsky and Morita (1976, 1977, 1978), Tabor et al. 
(1981), Torrella and Morita (1982), Morita (1982), Amy and 
Morita (1983a, b), Kurath and Morita (1983) and Morita 
(1984a, b), marine bacteria such as Vibrio and Pseudomonas 
show specific starvation-survival adaptations which enable 
them to enter into a state of dormancy to wait out long 
periods of highly oligotrophic conditions. This enables 
the preservation of the genome at minimal metabolic 
.expense (Sussman and Halvorsen , 1966) and such pop-
ulations have low endogenous respiration rates and very 
low viability on normal solid media. As a result, viable 
counts of marine bacterial populations are often very low, 
and usually of the order of only 0.01 - 1.0% of the total 
count, since plating on solid media is in any event 
selective even amongst the active population (Buck, 1979). 
Novitsky and Morita (1976) showed that a mari·ne Vibrio 
(ANT 300) decreased in size and changed morphology from a 
rod to a small coccobaci 11 us upon starvation. This was 
accompanied by an initial increase in viable count which 
was attributed to a fragmentation response. The endogenous 
respiration rate fell to 1% of its normal level, and the 
viability subsequently decreased markedly. Amy and Morita 
ll 
(1983a, b) have found that the starvation survival response 
is widespread amongst marine genera, and Morita (1984a) has 
shown that despite their evident dormancy, high affinity 
uptake mechanisms are maintained in these cells which 
enable them to rapidly respond to the presence of very low 
levels of nutrient. Davis and Robb (1985) have shown that 
strains isolated from the Benguela Upwelling System 
(Vibrio, Pseudomonas) exhibited similar starvation-
survival responses, and decreased in size and viability 
under starvation conditions, while maintaining high 
affinity uptake mechanisms. It has been suggested that 
the maintenance of uptake mechanisms may be the cause of 
low plateability of starved cells: although starved cells 
are able to take up substrates, they lack the ability to 
utilise them efficiently, being particularly deficient in 
RNA and mechanisms to neutralise free radical damage (Amy 
et al., 1983) if suddenly subjected to high levels of 
nutrient, starved cells may start to revive, but die soon 
thereafter. MacDonell and Hood ( 1982) showed that 
small, starved cells required a slow increment of nutrient 
before they formed viable cells. 
In the work described here, the structure and activity of 
heterotrophic bacterial communities of the Benguela Upwell-
ing Region was examined in the area bounded by the coast 
and the oceanic front (fig.1). The structure of the 
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populations was assessed in terms of numbers. biomass and 
physiological and taxonomic groupings determined by numeri-
cal classification. while activity was determined using 
radioisotope techniques and determinations of levels of 
plateability. Parameters of bacterial population structure 
and activity were related to hydrological conditions. and 
the variability of the heterotrophic population with 
respect to short term and seasonal changes. and spatial 
changes with distance from the shore and depth were also 
examined. It was hypothesised that the major source of 
carbon in the system is derived from phytoplankton. and 
that hydrological and seasonal effects on the bact-
erioplankton are exerted principally through their effect 
on the phytoplankton. 
Section 2 examines short term and seasonal variations in 
the structure of the bacterial population at a fixed 
sampling station on the coast in an upwelling zone. 
Changes in the bacterial population are related to changes 
in hydrological conditions. Section 3 examines the 
development of a heterotrophic bacterial community from 
newly upwelled water. associated with the development and 
decline of a phytoplankton bloom. Section 4 examines the 
structure and activity of bacterial communities in 






front, with special reference to 
structures on the structure and 
activity of these populations. 
SECTION 2: DAILY AND SEASONAL VARIABILITY IN 
HYDROLOGICAL AND BACTERIOLOGICAL PARAMETERS 
OF SEAWATER SAMPLED AT OUDEKRAAL, CAPE 
PENINSULA, SOUTH AFRICA (33°59'5, l7°2l'E) 
2.1 INTRODUCTION 
Estimates of bacterial numbers and biomass in the sea 
vary considerably. depending largely on the origin of the 
sampled water. For example. Meyer-Reil (1982) and Van Es 
and Meyer-Reil (1982) cite numbers between 10 - so X 
106 cells.ml!.-l for coastal waters. o.s 10 X 
106 cells. ml!. -l for offshore waters and l.O X lOS 
cells. ml!. -l for deep waters. while the biomass in 
coastal waters is estimated to range between s - 200pg 
C.l-l and those of offshore waters between l Spg 
C.l-l (Azam et ~-· 1983). 
While such broad estimates of numbers and biomass offer 
an idea of the relative abundance of bacteria. they take 
no account of variability in the size of the bacterial 
population either on a short-term (for instance. daily) 
or long term (seasonal) bas is. nor do they take into 
account spatial or habitat variations. In the Benguela 
system. for example. Davis et al. (1983) have shown that 
within 4 closely associated regions. distinct populations 
of bacteria occurred which varied in numbers. biomass and 
physiological response: the populations were maintained 
as discrete assemblages by their unique and character-
istic responses to environmental conditions (Davis and 
Robb. 1985; Robb et ~-. l98S). In other systems. 
variability has been shown in bacterial communities both 
15 
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spatially (for example. in vertical profiles [Sorokin. 
1971; Gocke. 1977]) and temporally. seasonal 
• 
variations in particular are well documented: Sieburth 
(1967) showed that seasonal selection of bacterial 
populations in Narrangasett Bay occurred in response to 
environmental temperature changes. and similar systems 
have been described by Trentham and James (1981) and 
Murray and Hodson {1985) who showed that both 
temperature and levels of primary productivity caused 
changes in the spatial and seasonal distribution of 
bacterial biomass and activity in fresh water systems. 
Similarly Tabor and Neihof (1984) found variations in 
the number of metabolically active bacteria in 
Chesapeake Bay which were seasonally determined. while 
Palumbo et al. (1983) found variations in the uptake of 
amino acids which were determined by depth and season in 
the Newport River Estuary. Gocke ( 1977) showed marked 
horizontal. vertical and seasonal variations in the 
uptake rates of radiolabelled substrates in the Kiel 
Bight. which appeared to be strongly associated with 
changes in environmental nutrient levels. which in turn 
were related to levels of primary production (Bolter et 
al.. 1977). 
The association between bacteria and phytoplankton is 
well documented (Cole. 1982; Cole et al .. 1982; Laake 
et al. 1983a. b; Lancelot and Billen. 1984). Bacterial 
numbers and biomass have been shown to be closely 
\ 
correlated with Chl a levels (and hence phytoplankton 
biomass) in both freshwater and marine systems (Linley 
et al., 1983; Bird and Kalff, 1984; Painting et al., 
1985) and the relationship seems to depend firstly upon 
the release by phytoplankton of dissolved exudates which 
are utilised as a nutritional resource by bacteria 
(Thomas, 1971; Cole, 1982; Cole et al., 1982; 
Eberlein et al., 1983) and secondly on the mineral-
isation of senescent or dead phytoplankton cells 
(Fenchel and Blackburn, 1979; Newell et al., 1981; 
Newell and Lucas, 1981: Linley et al., 1983; Newell et 
ll·· 1983; Fukami et al., 1985a, b). As a result of 
this close association, numbers and biomass of bacteria 
can reasonably be expected to vary with the physio-
logical state of phytoplankton populations (Martin, 
1980). In the Benguela region, it has been shown that 
the major areas of phytoplankton standing stocks and 
production lie close inshore, where they are associated 
with recently upwelled, nutrient rich waters (Brown, 
1982, 1984; Brown and Hutchings, 1985; Shannon, 1984, 
1985a, b). As a result of the episodic nature of 
upwelling, however, (Andrews and Hutchings, 1980; Jury 
et al., 198 Sa, b: Taunton-Clark, 198 5) there is 
variability in the spatial and temporal distribution of 
phytoplankton activity on both a short and long term 
bas is, which may occasion a similar var iabi 1 i ty in the 
associated bacterial populations. In early work on the 
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bacterial populations of the Benguela system. Mazure 
(1977. 1978. 1980) showed that seasonal changes in both 
bacterial numbers and biomass occurred. with maxima 
being recorded during the summer upwelling season 
(December. January. February) and minima during the 
winter months (June. July). These data were found to 
correlate well with phytoplankton standing stock esti-
rna tes (Mazure. 1978) . Barlow (1982a. b) however. shows 
that phytoplankton bloom development in newly upwelled 
water takes place in a matter of days. suggesting that 
within the longer term seasonal variation. significant 
short term variations may also occur in the bacterial 
population. Barlow (1984) describes bloom development in 
terms of lag. mature and senescent stages. which depend 
largely on the nutrient concentration. temperature and 
light availability. Martin (1980) and Martin and Bianchi 
/ 
(1980) show that different bacterial populations are 
associated with such stages of phytoplankton bloom deve-
lopment. whose taxonomic structure and physiological 
attributes are determined by the physiological state of 
the phytoplankton bloom. 
Upwelling systems appear to be unique in the rapidity 
with which such phytoplankton blooms develop. In 
temperate waters the spring and autumn blooms may take 
weeks or months to develop (Morris and Skea. 1978). but 
in the Benguela system. blooms consistently develop 
within 3 5 days after an upwelling event (Barlow, 
1982b, 1984). While studies on temperate systems reveal 
that slow phytoplankton bloom developments are assoc-
iated with changes in the bacterial populations 
(Delattre et al., 1979), little information is available 
on the short term changes associated with rapid changes 
in hydrological conditions and phytoplankton blooms in 
upwelling systems. 
To monitor such changes. this work has used bacteria 
isolated on solid media. There is. however. some 
controversy over the relationship of plateab1e bacteria 
to the population as a whole. Plateable forms have 
been classified as saprophytic bacteria (Kuznetsov et 
al.. 1979) to -,"distinguish -
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them from those which are 
natural concentrations of 
but there have also been 
suggestions that plateable bacteria form a significant 
proportion of the active population (Bolter. 1977) and 
that plate counts form a sensitive indicator of the 
overall nutritional capability of the population (Laake 
et al., 1983b). 
Levels of heterotrophic uptake ability in natural marine 
bacterial populations are variable - assessed by micro-
autoradiographic methods using 3H radiolabelled cells, 
Meyer-Reil (1978b) showed that an average of only 31.3% 
of bacteria in the Kiel Bight were metabolically active, 
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while Tabor and 
methods, showed 
Neihof (1984), using a variety of 
that between 25% and 85% of the 
population in Chesapeake Bay were metabolically active. 
Levels of activity are influenced by temperature and 
concentrations of nutrient (Gocke, 1977) and in general, 
decrease with depth and with distance offshore (Fuhrman 
et al., 1980; Novitsky, 1983), but although it has been 
suggested that organotrophic bacteria represent a rna j or 
proportion of the active bacteria (Bolter. 1977). the 
C.F.U. count is usually lower than the number of 
actively metabolising cells (Gocke, 1977). Martin and 
MacLeod (1984) suggest that the distinction between 
organotrophic and eutrophic bacteria is spurious. and 
that the response of strains to increased nutrient is as 
dependent on the nature of the available nutrient as it 
is on the genetic characteristics of the organisms. 
MacDonell and Hood (1982). for example, showed that 
small cells resulting from starvation, revived by a 
gradual increment of nutrient, could be assigned to the 
same taxonomic groups as organotrophs in the same 
population. 
The extent to which organotrophs are representative of 
the structure of the active population is thus difficult 
to determine, but Laake et al. (1983b), examining generic 
distributions in an enclosure, showed an excellent corre-
lation between determinations based on immunofluorescent 
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techniques and standard plate assays. This suggests 
that the composition of the plateable population may be 
a useful indicator of the overall structure of the 
population. although it has to be borne in mind that 
plating is 
1979). 
inevitably selective (Kuznetsov et .§.l .• 
The c.haracterisation of the plateable population must be 
based on a randomly drawn sample - while strain collec-
tions based initially on such characteristics as colony 
morphology provide information on the range of 
properties present in the population. they do not 
describe the frequency of occurrence of those 
properties. The number of isolates which should be 
selected, and the number of discriminatory tests to 
which they should be subjected, is also a matter of 
contention. Griffiths and Lovitt (1980) propose a 
method of numerical prof i 1 ing with a restricted number 
of tests (9-12) in order that a large number of isolates 
can be rapidly screened. but other authors have sub-
jected strains to >100 tests (reviewed in Atlas. 1984), 
although this reduces the number of isolates which can 
be tested. Bianchi and Bianchi ( 1982) suggest however 
that 20-30 strains subjected to about 30 discriminatory 
tests were sufficient to construct statistically valid 
indices of diversity in marine isclates. 
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The identification of marine bacteria. particularly to 
specific level. is difficult and taxonomic systems are 
in many ways inadequate to do so (Starr and Schmidt. 
1982; Oliver. 1982; Atlas. 1984). Some system of 
grouping isolates on the basis of similarity is however 
essential if estimates of diversity are to be made and 
changes in population structure are to be followed. 
Diversity indices seek to describe the uncertainty that 
an individual picked at random will belong to a particu-
lar group within the community. and vary from simple 
indices such as the ratio of the number of groups to the 
number of individuals to more complex indices such a·s 
the Shannon-Weaver index (Shannon and Weaver. 1963) 
which incorporate functions to describe the distribution 
of characteristics within the population (Pielou. 1966; 
Bianchi and Bianchi, 1982; Legendre and Legendre. 1982; 
Atlas. 1984). 
Most indices of diversity however have the disadvantage 
that they are sensitive to the size of the sample popu-
lation and it is difficult to compare samples of widely 
differing sizes (Mills and Wassel, 1980). While statis-
tical manipulation of the data by such techniques as the 
rarefaction method ( s imber loff. 1978) can obviate this. 
the results of Bianchi and Bianchi (1982) suggest that 
within the 1 imi ts of a sample size of 30-60 isolates. 
differences in sample size have little effect on the 
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construction of such indices as the Shannon-Weaver 
index. Indices of diversity based on information 
theory, such as the Troussellier and Legendre functional 
evenness index (Troussef~ier and Legendre, 1981) are 
independent of sample size and examine the evenness of 
distribution of properties in the sample, and are useful 
in comparing samples of different sizes but have the 
disadvantage that they do not reveal potentially 
significant groupings. 
In the light of the difficulty Of adequately identifying 
isolates, the techniques of numerical classification are 
commonly used to define groupings in bacterial assembla-
ges. such groups are defined by an index of similarity 
such as the Bray-Curtis measure (Clifford and 
Stephenson, 1975) based on a range of discriminatory 
tests, which need not necessarily be of taxonomic 
significance (Field et ~-· 1982). 
Techniques of numerical classification have been used to 
describe specific groupings within the Vibrionaceae 
(Kaper et al., 1983) and Pseudomonodaceae (Colwell and 
Liston, 1961), to show dominance and diversity in 
natural phytoplankton stocks (Kaneta et al., 1985) to 
display habitat segregation in the Vibrionaceae (Simudu 
and Tsukamoto, 1985) and to follow seasonal and habitat 
changes in the saprophytic bacteria of the Kiel Bight 
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(Bolter, 1977). They have also been used to describe 
the fauna of South Africa benthic sediments and rocky 
1971) shores 
and to 
(Field and McFarlane, 
describe the habitat 
communities 
1983). 
in the Benguela 
1968; Field, 1970, 
segregation of bacterial 
system (Davis et al., 
Upwelling on the west coast of the Cape Peninsula, south 
Africa, is easily monitored by an examination of the 
water temperature and nutrient status from shore based· 
stations. In this study, changes in hydrological condi-
tions were monitored daily for 54 days during the summer 
upwelling season (29th October - 21st December) and for 
31 days during winter (17th June 17th July). 
Temperature and nutrient characteristics of the water 
were used to assess the hydrological status, and 
bacterial samples were assessed for total count, total 
biomass and plateabili ty. For each of 9 selected days 
during summer and 10 selected days during winter, the 
taxonomic and physiological characteristics of the 
plateable population was determined. 
2.2 Methods and Materials 
2.2.1 Sampling and sampling site 
All samples were taken at Oudekraal, Cape Peninsula, 
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south Africa ( 33°59 • s 18°21' E) at 07hOO each day for 54 
days during summer and for 31 days during winter. 
Samples were taken in about 3m of water from the 
surface, using sterile screw-capped 1~ bottles which 
were immediately transported to the laboratory. 
Duplicate 300m!!. subsamples were taken in dark bottles 
and pre-filtered through Whatman GF/F filters prior to 
being frozen for nutrient analysis. lOrn!!. 
samples were preserved with Analar glutaraldehyde ( 2. 0% 
final cone.) and stored at +4. ooc for acridine orange 
direct counting (A.O.D.C.) to determine the total 
count. Water temperature was determined with a standard 
laboratory thermometer, and wind direction and speed was 
estimated and noted at each sampling. 
2.2.2 Nutrient analysis 
Determinations of and urea 
concentrations were performed on Sm!l. samples of water. 
2.2.2.1 Nitrite and nitrate 
N02 concentrations were determined using the methods 
of Nydahl (1976), in which N02 was reacted with 
sulphanilamide, which fonns a diazonium salt which was then 
coupled to N-(1-naphthyl)ethylenediamine, forming a 
coloured aminoazo compound, whose concentration was 
determined spectrophotometrically on a Pye-Unicam 
spectrophotometer with a path length of 1cm, at 543nm. 
concentrations were similarly determined, 
following the reduction of N0 3 to No2 in a cadmium 
reduction column, as described by Nydahl (1976). 
2.2.2.2 Ammonium 
NH: concentrations were determined 






was reacted with phenol and hypochlorite in the presence 
of nitro-prusside to produce irido-phenol blue, whose 
concentration was determined spectrophotometrically on a 
Pye-Unicam spectrophotometer with a path length of 1cm 
at 520nm. 
2.2.3 Bacterial numbers 
Total count was estimated using the A.O.D.C. method 
(Hobbie et al., 1977). Cells were differentially 
counted, using a Leitz Laborlux U.V. fluorescent 
microscope and assigned to the fo 11owing morpho types; 
described by Painting et al. (1985). 
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\ 
Small cocci 0.2 o. 3lJm 
Large cocci 0. 31 0.8lJm 
small rods 0.8 1.2lJm 
Large rods 1. 21 2.0lJm 
Small microcycloid 0.8 1.2lJm 
Large microcycloid 1.2 2.0lJm 
Spirillar 0.8 1.2lJm 
The total count was determined using the following 
formula: 
N= 
S X 106 X n 
-----------·cells.ml-1 sxv 
where s = working surface area of the filter {mm2 ) 
. -1 n = mean number of cells.fleld 
s = area of microscopie field {lJm2 ) 
v = volume of sample filtered {ml) 
In each case. at least 300 cells were counted, and the 
volume filtered was adjusted so that there were 15 - 30 
. -1 \. 
cells.f~eld • as recommended by Linley (1983). 
2.2.4 Biomass 
The total biomass was calculated by reference to the 
differential counts estimated by A.O.D.C .• using the 
following mean biovolumes described by Painting et al. 
{1985). 
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Small cocci 0.009 l!m 
3 
Large cocci 0.142 l!m 
3 
Small rods 0.198 l!m 
3 
Large rods 0.672 l!m 
3 
small microcycloid 0.198 l!ffi3 
Large microcycloid 0.672 l!m 
3 
Spirillar 0.198 l!m 
3 
Bacterial biomass was calculated using a specific 
gravity of -3 l.lg.cm (Doetsch and Cook, 1973), a dry 
weight/wet weight ratio of o. 2 (Luria, 1960) while the 
carbon content was estimated as SO% of the dry weight 
(Sorokin and Kadota, 1972). 
2.2.5 Viable count and percentage, plateability (%P) 
O.lm~ aliquots were plated in triplicate on 0.1% 
Peptone Seawater agar (Pep-SWA) and 0. 5% Pep-SWA (see 
Appendix), either undiluted or at an appropriate 
dilution to produce approximately 200 colonies per 
plate. Plates were incubated at 22°C for 10 days or 
until no further increase in colony formation occurred. 
Plates were counted using a Nikon 6CTC Profile 
Projector, at lOx magnification, which permitted the 
inclusion of very small colonies ( <0. Smm). The %P was 
calculated by reference to the total count, determined 
by A.O.D.C., using the following formula: 
%P = Y.:.f.:.. X 100 T.C. 
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FIGURE 2: Apparatus used in · characterisation of plateable 
bacterial populations. A: 48 pronged inocula tor; B: 0. 5% 
Peptone-Seawater Agar plate with 48 randomly picked 
isolates; C: Ti tertek 8-channel automatic pippetter; D: 
Nunclon Micro-titer tray. 
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where v.c. = Viable count (CFU.m1- 1 ) 
T.C = Total Count (Cells.m1- 1 ) 
2.2.6 Plateable population characteristics 
' For each of 9 days during summer (days 15, 17, 23, 26, 
31, 33, 35, 37 and 38) and 10 days during winter (days 
1 o , 16 , 17 , 2 o , 2 2 , 2 3 , 2 5 , 2 7 , 2 8 , 2 9 ) , ~ o 1 on i e s were 
randomly picked from 0.1% Pep-SWA plates to determine the 
population characteristics. In each case, a line was 
drawn across the plate and colonies on or within 1mm of 
the line were picked with sterile toothpicks and streaked 
onto 0.5% Pep-SWA. During the summer sampling, 40 colo-
nies were selected, but the number was increased to 48 
during the winter sampling. All colonies were re-
streaked to purity, and the collection for each day was 
then spotted onto a single 0.5% Pep-SWA master plate in 
a 6 x 8 array (fig.2). This was then incubated at 22°C 
for 7 days, whereafter it was stored at 4°C. All 
subsequent transfers of colonies and inoculations were 
done using a 48 pronged inoculator (fig.2) consisting of 
48 stainless steel prongs 4cm in length and 1mm in 
diameter set in an aluminium base plate, which forms a 
4.5cm x 6.25cm array corresponding exactly to the format 
of the colony array on inoculated plates. The 
inoculator was used to effect inoculation of both solid 
•. :· ~t«'I 
and liquid media. 
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It was found that the loss of isolated strains occurred 
from the collections on master plates. particularly 
during the summer sampling period. Once such losses had 
occurred. it was not possible to replace them. since 
this would have introduced a selective bias into the 
collection. favouring easily maintained strains. 
Isolated colonies were submitted to 20 basic ident-
ification tests. Test inoculations were done from an 
overnight broth culture in o. 5% Pep-SWA (see Appendix) 
inoculated from the master plate. All broth assays were 
done in standard Nunclonc micro-titer assay trays 
(fig.2). These have 96 wells. so that two 6 x 8 format 
inoculations could be run at the same time in each 
tray: wells were filled with o. 15m!!. of the 
appropriate broth. using a . kc T~terte 8 channel 
multi-pipette. The following characterisation tests 
were performed: 
Tests on solid media 
2.2.6.1 Colony colour 
A o. 5% Pep-SWA plate was inoculated and incubated for 5 
days at 22°C: cytophaqa/Flavobacterium isolates were 
characterised by their chromogenic nature. 
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2.2.6.2 Oxidase reaction 
The same plate used for colony colour determination was 
used to determine the oxidase reaction. The plate was 
flooded with oxidase reagent (see Appendix) and then 
drained. Production of a deep blue colour within 30 sec 
was taken to be a positive reaction. 
2.2.6.3 Growth at 30°C 
A 0.5% Pep-SWA plate was inoculated and incubated at 30°C 
for 48 hours. and then checked for presence and extent of 
growth of each colony. Growth was rated as nil. moderate 
(+), or extensive (++). 
2.2.6.4 Growth at 37°C 
A o. 5% Pep-SWA plate was inoculated and incubated at 
37°C for 48 hours. and then checked as above. 
was rated as nil. moderate (+) or extensive (++). 
2.2.6.5 Agarase production 
Growth 
A 0.5% Pep-SWA plate was inoculated and incubated at 22°C 
for 48 hours. and then checked for pitting by agarase 
producers. The plate was then flooded with Gran's 
reagent (see Appendix) and zones of clearance. which 
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indicate agarase production. were noted. Two types of 
agarase were recognised: the first produced a clearly 
defined ring of clearance. while the second produced a 
diffuse zone of clearance. Any positive agarase pro-
duction was further characterised by these and the 
~- ~ ~ 
extent of agarolytic activity was defined as negative. 
moderate (zone <1.5 x colony diameter) or extensive 
(zone >1.5 x colony diameter). 
2. 2. 6. 6 Growth on Thiosulphate-Ci tra.te-Bile salt agar 
(T.C.B.S.) 
A T.C.B.S. plate (see Appendix) was inoculated and 
incubated at ~zoe for 7 days. Colony growth and charac-
teristic colony colour were noted. Growth was rated as 
positive or negative. 
2. 2. 6. 7 Growth on seawater. Cetrimid plates 
A seawater Cetrimid agar plate (see Appendix) was inocu-
lated and incubated at 22°C for 7 days. and colony growth 
was rated as positive or negative. 
2.2.6.8 caseinase production 
A seawater skim milk agar plate (see Appendix) was 
inoculated and incubated at 22°C for 48 hours. 
Caseinase production resulted in clear zones around 
colonies. which were rated as moderate (<1. s x colony 
diameter). or extensive (>1.5 x colony diameter). 
2.2.6.9 Gelatin liquefaction 
A gelatin seawater agar plate (see Appendix) was inocula-
ted and incubated at 22°C for 24 hours. The plate was 
then flooded with Frazier • s reagent (see Appendix). A 
positive reaction was indicated by clear zones around 
active colonies. Activity was rated as moderate (<1.5 x 
colony diameter) or extensive (>1.5 x colony diameter). 
2.2.6.10 Cellulase production 
Cellulase production was inferred by the assessment of 
carboxymethylcellulose (C.M.C.) hydrolysis on C.M.C. 
seawater agar plates (see Appendix). Plates were inocu-
lated and incubated at 22°C for 24 hours. Thereafter. 
colonies were washed off the plate with a 1M NaCl solu-
tion. and the plate was flooded with a 1% Congo-Red 
solution in distilled water. Plates were stained for 15m 
after which they were washed with a 1M NaCl solution and 
fixed by flooding with a 0.2SN solution of HCl. 
Cellulase production was inferred by clear zones around 
or below colonies. Activity was rated as moderate 
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(<2 x colony 
diameter). A 
diameter) or extensive (>2 x 
second plate was inoculated and 
colony 
tested 
after 1 week, as some colonies produced a very slow 
positive reaction. 
Tests in broth mixtures 
2.2.6.11 Oxidative acid production from glucose 
Colonies were inoculated into 0 .15ml aliquots of 
glucose pep-tone seawater broth (see Appendix). held in 
sterile microtiter trays. Trays were incubated at 22°C 
for 12 hours. and acid production was indicated by the 
production of a straw-yellow colour on addition of a 
drop of 0.1% Phenol Red (in distilled water). 
2.2.6.12 Oxidative acid production from mannitol 
Colonies were inoculated into 0.15m9. aliquots of 
mannitol peptone seawater broths (see Appendix) and 
incubated for 12 hours, whereafter they were tested with 
0.1% Phenol Red as above. 
2.2.6.13 Fermentative acid production from glucose 
Colonies were inoculated into o. 15m9. a 1 iquots of 
glucose peptone seawater broth as above, but the broths 
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were incubated at 22°C for 48 hours in an anaerobic jar, 
flushed twice with N2 for 20 min, in which a resazurin 
indicator (Biolab) was included to show complete anaero-
biosis. Acid production was tested with 0.1% Phenol Red 
as above. 
2.2.6.14 Fermentative acid production from mannitol 
Colonies were inoculated into 0 .15m!!. aliquots of 
mannitol-peptone seawater broth, and these were 
maintained under anaerobic conditions as above, after 
which they were tested for acid production by the 
addition of 0.1% Phenol Red. 
2.2.6.15 Nitrate Reductase activity 
Duplicate seawater N03 broths (see Appendix) were 
inoculated and incubated at 22°C for 24 hours: one was 
maintained under aerobic conditions and the other under 
anaerobic conditions as above. Broths were then tested 
with Griesler' s reagents (see Appendix) to demonstrate 
any reduction of N03 to N02 . The extent of N?3 
v' 
Reductase activity was rated as slight {pink or red) or 
extensive (deep purple, brown). 
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2.2.6.16 Nitrite Reductase 
All colonies showing a negative reaction to Griesler • s 
reagent (see above) were tested with a drop of powdered 
Zn suspended in 10% Glycerol. A negative reaction 
indicated that reduction of N02 had taken place, in 
which case the colony was designated Nitrate Reductase 
++, Nitrite Reductase +. 
2.2.6.17 Motility 
While the use of motility as a discriminatory 
characteristic has been criticised (Bianchi and Bianchi. 
1982), using the method described here it has been found 
to be a useful and reproducible characteristic. 
Motilities were tested using the initial overnight broth 
culture. Using a c Titertek 8-channel multi-pipette, 
up to 3 rows of hanging drops were mounted on a large 
( 3. Scm x 6. Scm) covers 1 ip supported by plasticine on a 
large microscope slide. This was viewed under 
phase-contrast at 1200x magnification. 
2.2.6.18 Form and size 
Cell form was determined from the hanging drops used to 
determine motility. Cell sizes were defined as large 
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medium small or 
very small (<O.S~m). 
2.2.6.19 Gram stain 
Gram stains were performed on inocula from the initial 
overnight broth culture. The 48 pronged inoculator was 
used to place drops on a large (Scm x 7cm) glass slide: 
these were then air dried and flame fixed prior to 
staining. 
2.2.6.20 Catalase activity 
Catalase activity was determined in 12 hour seawater 
peptone broth cultures. The length of incubation was 
carefully timed, as considerable variation was observed· 
to occur depending on the length of incubation. A drop 
of 10% (v/v.) H2o2 was added to each well: a· 
-
positive reaction was indicated by the production of 
bubbles of o2 within 10 min., and the extent of 
activity was rated as slight, moderate or extensive. 
2.2.7 Generic determination 
A very simple classification schedule was used to assign 
tested strains to one of 5 generic groups, based on the 
schedule proposed by Oliver (1982). The terms oxidative 
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and fermentative are used in the sense defined by Cowan 
and Steel (1970). Oxidative strains are considered to 
be obligate aerobes which may produce acid from carbo-
hydrates under aerobic, but never under anaerobic condi-
tions. Fermentative strains were those which produced 
acid from carbohydrate under anaerobic conditions. In 
this instance these were all facultative anaerobes, which 
usually produced acid from carbohydrates under aerobic 
conditions as well. 
Vibrio: Motile, facultative anaerobic (fermentative) 
isolates, generally oxidase positive, frequently 
(but not always) TCBS positive. 
Enterobacteriaceae: Non-motile, facultative 
anaerobic isolates, generally oxida~e negative. 
Pseudomonas: Motile, obligately aerobic (oxidative) 
isolates, but which did not necessarily produce acid 
from carbohydrates under aerobic conditions. 
Generally oxidase positive. 
Acinetobacter: Non-motile, oxidative isolates, 
generally oxidase negative. 
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Cytophaga/Flavobacterium: Chromogenic (yellow, orange 
or red) isolates, which were non-motile or (rarely) 
showed gliding motility. Oxidative, and only rarely 
produced acid from carbohydrates. oxidase negative. 
2.2.8 Statistical analysis 
2.2.8.1 Multivariate analysis 
All isolates were submitted to 20 discriminatory tests. 
As certain of the tests were further defined by the ex-
tent of a positive reaction, colour reactions, etc., a 
maximum total of 32 bits of information could be assigned 
to any one isolate (see Table 4). In this instance, the 
Gram reaction was eliminated from subsequent analysis, 
since no Gram positive strains were isolated. As a 
result all multivariate analyses were based as a data 
matrix comprising 31 possible characters. A moderate 
weighting system was applied, as advised by Field et al. 
(1982). In those tests in which a positive grading was 
applied (e.g. agarase, catalase production), the tests 
had an inherent maximum score of 2 (-ve reaction = o, 
moderate +Ve reaction = l, extensive +Ve reaction = 2), 
while in other tests in which only a positive or 
negative result was. possible (colony colour, oxidase 
reaction, motility, etc.) a positive result was given a 
weighted score of 2 in order to avoid a bias towards the 
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former reactions. Other tests (form and size. agar pit 
presence. agarase type) were relatively less important 
in the discrimination analyses and were left unweighted 
with a maximum score of 1. 
These data were analysed using a multivariate analysis 
technique described by Field et al. ( 1982) which con-
structs a similarity matrix using the Bray-Curtis measure 
of similarity, which is defined as: 
-r~ s 




2: Y' .. + yik 
i=l l.J 
h y,. w ere lJ = score for the 
.th 
l species in the .th J 
sample 
yik = score for the 
.th 
l species in the kth 
sample 
cSjk = dissimilarity between jth and kth 
samples. summed over s species. 
~jk ranges from 0 (all scores identical) to l (all scores 
dissimilar). and is the complement of the similarity Sjk: 
Sjk=l-cSjk 
Similarity scores are then sorted by a hierarchical 
strategy to produce a classification dendrogram (Clifford 
and Stephenson. 1975). In this instance, this was done 
by the Group-Average sorting method, which joins 2 groups 
of samples together at the average level of similarity 
between all the members of the one group and all the 
members of the other. 
The use 
however: 
of this method has certain 
the hierarchical arrangement 
disadvantages. 
of groups is 
irreversable and once assigned to a group, the sample or 
species is - lost; the dendrogram displays only inter-
group relationships and the analysis is thus based on 
average intergroup va:lues. and the dendrogram tends to 
over emphasize discontinuities and may thus force a 
graded series into separate·groups (Field et al .• 1982). 
As a result. a complementary method was used to confirm 
relationships suggested by the classification dendrogram. 
In this instance. multi-dimensional scaling (MDS) was 
used to provide a 2-dimensional ordination of each simi-
larity matrix. as described by Kruskal and Wish (1978) 
and Field et tl· ( 1982). in which the distances between 
points are proportional to the degree of dissimilarity 
between strains tested. 
Multivariate analyses (classification dendrogram and 
MDS) were performed on 2 sets of data: for each of 5 
selected days during the summer sampling period (days 
18, 20. 33, 35 and 37 of sampling) and 5 during the 
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winter sampling period (days 10. 22. 23, 27 and 28 of 
sampling) the data for the entire selected bacterial 
population were analysed to define groups used in 
diversity analyses. and a second set of analyses 
(class if ica tion eerrlrograrns only) were performed on 
summary data matrices for all days tested during summer 
and winter (Tables 2. 3). 
2.2.8.2 Diversity 
For each of the 5 selected days during summer and winter 
for which classification dendrograms were computed. the 
Shannon-Weaver Diversity Index (H 1 ) was determined. fol-
lowing the methods of Bianchi and Bianchi (1982). using 
the expression 
N 
H 1 = - 'E Pi log2 Pi 
i=l 
where Pi is the proportion of the total number of strains 
. h .th 1n t e 1 group. 
Groups were defined at the 85%5 level. 
In addition a complementary. simple expression of diver-
s i ty (D) was determined in which the number of groups 
present at the 85%5 level (N) was determined as a percen-
tage of the total number of groups possible (which = n) 






2. 3 . l. 1 Summer 
During summer. the wind was most commonly an off-shore 
south-easterly (fig. 3a). It was observed that strong 
south-easterly winds which blew for more than 2 days were 
strongly correlated with the occurrence of upwelling, as 
described by Andrews and Hutchings ( 1980) and Jury et 
ll· (1985a, b). 
such upwelling episodes were either followed by periods 
of low wind velocity, or more frequently by the onset of 
onshore winds,. which resulted in downwelling of surface 
waters at the coast. 
2. 3. l. 2 Winter 
During winter. winds were most commonly onshore north-
westerlies (fig. 3b). During the sampling period winds 
we.re commonly of low velocity (<10km.h- 1 ) but 6 
periods of storm conditions occurred on days 3-4, 6, 11. 
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FIGURE 3: Daily water temperatures recorded at Oudekraal (Fig. 3a: Summer 
sampling period; Fig. 3b: Winter sampling period. f - offshofe wind > 10 




Two periods of strong south-easterly winds occurred on 
days 7-9 and 28. The first induced a strong upwelling 
between days 8 and 10, and the second produced a weak 
and brief upwelling on day 29. 
2.3.2 Water temperature 
2.3.2.1 summer 
Water temperatures for the summer sampling period are 
shown in fig. 3a. Temperatures varied widely throughout 
the ~ampling period, ranging from 9.5°C to 16.5°C (mean = 
12.l°C, s = l.66°C). There was a distinct periodicity 
in this variation, and periods of low temperature 
(<ll.0°C), thought to be characteristic of upwelling, 
alternated with periods of high water temperature at 
approximately 5 day intervals (mean = 4. 94d); 5 such 
alternative upwelling and downwelling cycles were noted. 
2.3.2.2 Winter 
Water temperatures for the winter sampling period are 
shown in fig.3b. The mean winter temperature (15.50°C, 
s = l.04°C} was higher than that recorded during summer, 
and temperatures ranged between l3°C and l7°C. 
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TABLE lA 
Correlation of hydrological, nutrient and bacteriological parameters 
during the 54 day summer sampling period at Oudekraal. Values are for 
the expression y = ax + b • r = correlation efficient, n = sample 


















N0 3 cone 
No 2 cone 






















a b r 
36.29 -2.22 -0.57 
0.66 -0.02 -0.16 
2.38 -0.09 -0.25 
4.34 -0.18 -0.08 
15.21 -1.01 -0.50 
1.46 -0.07 -0.59 
6 6 
1.17xl0 1.4lxl0 0.56 
-0.44 0.56 0.55 
0.56 -0.03 -0.34 
5.32 -0.50 0.46 
12.68 -13.52 -0.68 
0.32 -0.02 0.52 
0.68 -0.69 -0.76 
0.15 -o. 01 0.28 


































Correlation of hydrological, nutrient and bacteriological parameters 
during the 31 day winter sampling period at Oudekraal. Values are for 
the expression y = ax + b. r = correlation efficient, n = sample 
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N0 2 cone 
NH 4 cone 
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- .008 - .16 
-0.006 -0.03 












































Three periods of low water temperature were recorded: 
the first occurred as a result of upwelling induced by 
strong south-easterly winds between days 8 and 10. the 
second was the result of cooling of waters during an ex-
tended period of cloudy weather between days 18 and 25. 
and the third was the result of a brief. weak upwelling 




The results of determinations of N03 concentrations 
are presented in fig.4a. N03 concentrations varied 
widely throughout the sampling period. with a maximum 
recorded value of 
minimum of 0.93pg at 





-1 N03-N.l ). 
-1 N03-N.l and a 
(mean = 9.32pg at 
There was a marked periodicity in the occurrence of high 
concentration: 5 peaks in N0 3 concentration 
occurred. which alternated with periods of low N03 
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FIGURE 4: Concentration of nitrogen as nitrogenous 
compounds at Oudekraal during the summer sampling period. 
(Fig. 4a: N03-N concentration (pg at N03-N.l-l). Fia. 4b: 
-1 N02-N concentration <pg at No2-N.l ) • 
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Concentration of nitrogen as nitrogenous 
compounds at Oudekraal during the summer sampling period. 
Fig. 4c: NH 4+-N concentration (pg at NH 4+-N.l-l). Fig. 4d: 
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FIGURE 5.: Concentration of nitrogen as nitrogenous 
compounds at Oudekraal during the winter sampling period. 
(Fig. sa: N03-N concentration (pg at No3-N. 1-
1 ) • Fig. 5 b: 
-1 
N02-N concentration <rg at No2-N.l ) • 
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FIGURE 5: Concentration of nitrogen as nitrogenous 
compounds at Oudekraal during the winter sampling period. 
(Fig. S·c: NH 4 + -N concentration (fg at NH 4 + -N .1-
1 ) • Fig. 5 d: 
Urea-N concentration (fg at Urea-N.l-1 ).] 
With the exception of an anomolous warm water episode 
between days 4 and 8 (believed to have arisen from sun-
warming of newly upwelled water) there was a strong 
negative correlation between water temperature and N03 
concentrations (Table 1a). This agrees with the findings 
of Andrews and Hutchings (1980) which show that upwelling 
of South Atlantic Central Water is usually characterised 
by high concentrations of No3 • 
2.3.3.1.1 Winter 
N03 concentrations for the winter sampling period are 
shown in fig.Sa. The 
-1 (6.94pg at N03-N.l 
mean recorded N03 concentration 
·- ... 
-1 s = 2.74pg at N03 .N.l ) was lower 
" 
than that recorded during; summer. 
Three episodes of elevated concentrations 
occurred: the first was associated with upwelling which 
occurred between days 8 and 10. but the second correl-
ated with the onset of winter storms between days 16 and 
20. The third No
3 
elevation was associated with the 
brief. weak up welling which occurred between days 27 
and 29. 
A strong negative correlation between water temperature 
and N03 concentrations was present (Table lb). 
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2.3.3.2 Nitrites 
2.3.3.2.1 summer 
N03 concentrations for the summer sampling period are 
presented in fig.4b. There was some evidence of periodi-
city. but only a weak negative correlation was noted 
between water temperaure and N02 concentrations. which 
was not significant at the 1% level (Table 1a). 
The mean N02 concentration recorded was 0.41~g at 
-1 -1 N02-N.l (s = 0.1S~g at N02-N.l ). 
2.3.3.2.2. Winter 
N02 concentrations for the winter sampling period are 
presented in fig.Sb. The concentration of N02 was 
generally lower that that recorded during summer (mean = 
-1 -1 
0. 5 B}lg: at NJ 
2 
-N. 1 , s=_O • 42)J.g at NJ 
2 
-N .1 ) • '1\vO ooncentr ations > 1 • s,..tg 
--:--:_-- - 1 ,.. -c;: -~ . - -
N02-N. 1- were noted on days 11 and 18. which 
corresponded with the occurrence of North- West wind 
storms. 
No significant correlation was found between water tem-
perature and the concentration of N02 (Table 1b). 
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2.3.3.3 Ammonia 
As discussed by Goering et al. ( 1964) and Eppley et al. 
(1971). the determination of concentrations 
proved difficult as wide variations in recorded levels 
were observed due to rapid fluxes through the planktonic 
population. 
2.3.3.3.1 summer 
NH: concentrations for the summer study period are 
presented in fig.4c. There was no evidence of any perio-
dici ty in the occurrence 
recorded value was 1.3S~g at 
+ -1 NH 4-N.l ). 
+ of NH4 • 
NH:-N.l- 1 
and the mean 
(s = 0.7S~g at 
No correlation could be drawn between the water tempera-
tures and NH: concentrations (Table 1a). 
2.3.3.3.2 Winter 
NH: concentrations for the winter study period are 
pre- sen ted in fig. Sc. The initial concentrations were 
high (5.62~g at falling over a 
period of B days to at whereafter 
the concentration was variable. but uncorrelated to 
changes in temperature changes (Table lb). 
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lc 
The mean recorded NH+ concentration in winter 
4 
+ -1 + -1 (2.941-lq at NH
4
-N.l ,s=0.08}Lg at NH
4




Urea concentrations for the summer study period are 
presented in fiq.4d. Wide variations in the 
concentration of urea were recorded, 
at urea-N.l- 1 to at 
ranging from 
-1 urea-N.l . 
There was no evidence of periodicity in the occurrence 
of urea. and no correlation existed between urea 
concentrations and water temperature (Table 1a). The 
mean recorded concentration was 3.051-lg at Urea-N.l- 1 
(s = 2.411-lg at urea-N.l- 1 ). 
2.3.3.4.2 Winter 
Urea concentrations for the winter study period are 
presented in fiq.Sd. The mean recorded concentration 
(1.701-lq at Urea-N.l- 1 ) was lower than that recorded 
in summer. but there was less day-to-day variability in 
the urea concentrations (S = 
-1 Urea-N.l ). 
No correlation could be drawn between the concentration 
of urea and water temperature (Table 1b). 
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2.3.3.5 Total nitrogen and nitrogen ratios 
+ 
Total recorded nitrogen levels (the sum of NJ3 ,m2 ,NH4 & urea 
concentrations) for both summer and winter are presented 
in figs 6a and b respectively. Both No3 and No2 can 
be regarded as sources of 11 neW 11 nitrogen. while 
and urea represent 11 old,. or recycled nitrogen (Dugdale 
and Goering. 1967; Herbert et al .• 1977). 
Despite the difficulties attached to measuring 
and 60 urea levels (Goering et al.. 1964; Eppley et 
al.. 1971). the ratio between old and new nitrogen may 
provide an index of its biological history (Dugdale and 
Goering. 1967; Herbert et ~ .• 1977; Probyn. 1985) and 
it can be hypothesised that the ratio of new:old nitr-
ogen should rise in upwelled waters and fall in surface 
or downwelled waters which have a recent history of 
enhanced biological activity. 
Two ratios were computed: the first was that of new 
nitrogen (N03 + N03 ) as a percentage of the total 
Jlleasured nitrogen. and the second was that of new: old 
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FJGURE 6: Total nitrogen concentrations in the water column at Oudekraal <pg at.:'l-1). 
(Fig. 6a: Summer sampling period. Fig. 6b-: Winter sampling period). 
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FIGURE 7: Ratios of New:Old nitrogen (---<>---) and N03 + N02 ( • ) as a 
percentage of the total recorded nitrogen con~entration. 
sampling period. Fig. 7b: Winter sampling period.) 












Results of computation of both ratios for the summer 
study period are presented in fig.7a. There was a marked 
periodicity in both ratios. and a strong negative corre-
lation between their values and water temperature was 
shown to be present (Table la). which confirmed the hypo-
thesis that upwelling water represents the major source 
of new nitrogen in the system. and that old or recycled 
nitrogen is characteristic of aged upwelled waters. 
One exceptional period of high water temperatures and 
high ratio values occurred between days 3 and 5 however. 
suggesting that water temperature is not always a 
reliable indicator of upwelling. and confirming the 
previous suggestion that upwelling water may sometimes 
be rapidly sunwarmed. 
2.3.3.5.2 Winter 
Results for both ratios for the winter period are pre-
sented in fig.7b. There was again a marked periodicity 
in the ratios which were strongly correlated with water 
temperature (Table lb). Although both ratios were shown 
to increase in upwelling water (days s. 9 and 29). 
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increases were also noted which coincided with the onset 
of onshore North-West wind storms. 
2.3.4 Bacterial numbers 
2.3.4.1 Summer 
Total counts, computed from A.O.D.C., are presented in 
fig.aa. There was a marked periodicity in the numbers of 
bacteria recorded; numbers of bacteria were low in up-
welling water and high in downwelling waters. In confir-
mation of this, strong positive correlations were noted 
-1 between numbers of cells.m~ and water temperature 
(Table 1a) and strong negative correlations existed 
between the total count and the ratios N03/Total N and 
N03 + N02 /NH4+ + urea. Very rapid changes in the 
total count thus occurred with changes in wind and 
hydrological conditions. 
The mean 
-1 cells. m~ 
total 
(s = 
the mean for days 




10 6 X 
was 3.91 X 
c e 11 s . m~- 1 ) , while 
of upwelling 
= 0. 95 X 
(T < l1°C) was 1. 64 X 
10 6 cells.ml-1 ) and 
that of days of downwelling or where water temperature 
was >12°C was 5.98 x 10 6 cells.ml-1 (s = 4.19 x 
c e 11 s • m~ - 1 ) . From these data it was evident 
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fiG IJB.f: a: Total bacterial numbers (cells X 10 6 .m1-1 ) 
biomass <rg. 1-1 dry weight and pg bacterial C.l-
1 ) 
Oudekraal during the summer sampling period. (Fig I 





cell count. Subsequent to upwelling. however. the size 
of the populations of bacteria varied widely. but 
remained correlated to changes. in water temperature and 
nutrient concentrations (Table la). 
2.3.4.2 Winter 
Results of total counts for the winter sampling period 
are presented in fig.9a. As in the summer sampling. 
large and rapid variations in observed total counts were 
noted. but for the whole period. the mean bacterial 
count was lower than that recorded in summer (mean = 
2.16 X cells. m!l. - 1 s = 1. 52 X 
-1 cells.m!l. ). The strong correlation recorded in 
summer between temperature and bacterial numbers was not 
observed during winter: although numbers did drop 
during the occurrence of upwelling. there was no rapid 
increase in numbers once upwelling ceased. In addition. 
there was no observed relationship between bacterial 
numbers and the nitrogen ratios (Table 1b). These 
effects are believed to be attributable to the fact that 
drops in water temperature were observed to occur with 
persistent onshore winds and winter storms; furthermore. 
the nitrogen content of the water remained fairly high 
throughout. and increases in the nitrogen concentration 
and the ratios N and + 
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EIGIJBE 9: Total bacterial numbers (cells X 106 .m1-1 ) and 
biomass <rg.l-1 dry weight and fg bacterial c . 1-
1 ) at 
Oudekraal during the winter sampling period. (f:j,g ga: 
Total count. Fig. 9b: Total biomass}. 
\ 
attributable to upwelling. 
2.3.5 Bacterial biomass 
2.3.5.1 summer 
Results of · biomass determinations for the summer 
sampling period are presented in fig.Bb. The mean 
recorded biomass was 23. 88lJg c .1-1 but there was 
variation in the values recorded (s = 17.05lJg 
which was strongly associated with the 
occurrence of up and downwelling. A strong positive 
correlation was observed between water temperature and 
total biomass. and strong positive correlations were 
noted between total biomass and the nitrogen ratios 
+ N03 + N02/Total N and N0 3 + N02 /NH4 + urea 
(Table 1a). Total biomass was observed to fall to low 
levels of 1-1 c. during upwelling (water 
temperature <11°C) and to rise to levels >50.0lJg 
C.l-1 during downwelling. As the biomass was strongly 
correlated with hydrological conditions. rapid changes 
in biomass were observed to occur from day to day. 
following changes in wind direction. 
2.3.5.2 Winter 
Results of biomass determinations for the winter 
sampling period are presented in fig.9b. The mean 
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recorded biomass during winter was lower than that 
recorded during summer (mean = 10.38lJg C.l-l) but 
the range of values recorded was less (S = S.86lJg 
C.l-l) While it was evident that the occurrence of 
upwelling induced a drop in bacterial biomass on days a, 
9 and 10 of sampling, no correlation was present between 
total biomass and water temperature, nor between biomass 
and the nitrogen ratios No2 + N0 3/Total N and N03 
+ + N02 /NH4 +urea (Table lb). 
2.3.6 Viability and percentage plateability 
2.3.6.1 summer 
Viable counts (V.C.) and percentage plateabilities for 
the summer sampling period are presented in figs lOa and 
b. With rare exceptions, both the v.c. and tP recorded 
on 0.1% Pep-SWA were higher than those on 0.5% Pep-SWA. 
The results of correlation analyses showed that there 
was a weak negative correlation between temperature and 
the v.c. and %P, and a positive correlation between the 
nitrogen ratios and 
both the v. c. and %P. This appears to be paradoxical, 
since there was a marked coincident drop in both the 
C.F.U. count and tP with the onset of upwelling. 
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FIGURE 1..0.: Viable count (CFU.ml-1 ) and percentage plateability of bacterial 
populations at Oudekraal, determined from 0.1% Pep-SWA e ) and 0.5% Pep-SWA 




status of the water (figs 3. 4. 5}. This can be 
explained by reference to fig .11 which gives the mean 
c. F. U. count for each recorded temperature. which 
suggests that. although the C.F.U. count at temperatures 
<ll°C are substantially lower than those at higher 
temperatures. there is an inherent bias introduced by 
the rarity of data from extremes of the temperature 
range and by a slight decrease in the v.c. at the 
highest temperature recorded. Plateabilities were also 
variable under seemingly constant hydrological 
conditions: there appeared to be a temporal sequence in 
the plateability in which both the v.c. and %P were 
reduced immediately after upwelling commenced. increased 
rapidly once upwelling had ceased. but dropped again 
before the following upwelling. particularly if the 
intervening period was >3 days. 
2.3.6.2 Winter 
Viable counts and percentage plateabilities for the 
winter sampling period are presented in figs lOc and d. 
As in the summer period. the v.c. and %P on 0.1% Pep-SWA 
were generally higher than those recorded on 0.5% 
Pep-SWA. Throughout winter. the v.c. was very similar 
to that recorded in summer. but as the total count 
(fig.9a} was substantially lower. the %P calculated was 
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FIGURE 10: Viable count (CFU.ml-1 ) and percentage plateability of bacterial 
populations at Oudekraal, determined fro~ 0.1% Pep-SWA ( • ) and 0.5% Pep-SW (~) 
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FIGURE 11: Mean viable count (CFU.ml-1 x 102 ) at various 
water temperatures during Summer, recorded on 0.1% Pep-SWA ~ 
and 0.5% Pep-SWA ( ~). 
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and the v.c. and %P were very weak, and none were 
significant at the 1% level, but it was noted that the 
upwelling which occurred on day 9 of sampling resulted 
in a marked drop in the v.c. This was not reflected in 
the %P however, since the total count fell to very low 
levels at this time, resulting in an apparent increase 
in the %P. For the duration of the winter sampling. 
both the v.c. and %P showed marked fluctuations from day 
to day. 
2.3.7 Generic composition 
2.3.7.1 summer 
I 
Results of determinations of generic composition for the 
plateable population on days 18, 20, 23, 25, 31, 33, 35, 
37 and 38 are presented in fig.l2a. Populations on each 
of these days were characteristically diverse, and there 
was little to distinguish populations derived from up-
welling or warm waters: variation amongst populations 
derived from days of upwelling (days 20, 23, 31, 33) or 
downwelling and warm waters appears as great as the 
variation between them. A striking feature of the summer 
population was the predominance of facultative anaerobes: 
only on days 23 and 38 did they comprise less than 50.0% 


















Generic composition of the plateable populations for selected 
(Fig, 12a: summer sampling period. Fig. 12b: Winter sampling 
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Results of determinations of generic composition for the 
plateable winter populations of days 10, 16, 17, 20, 22, 
23, 25, 27, 28 and 29 are shown in fig.12b. The two 
initial populations (days 10, 16) were very similar in 
composition to those found in the summer population, 
comprising a diverse assemblage dominated by facultative 
anaerobes (Vibrio and Enterobacteriaceae). By day 16, 
although still diverse, the population was dominated by 
oxidative strains (Pseudomonas, Acinetobacter and Cyto-
phaqa/Flavobacterium). From day 17 onwards, however, 
and persisting till day 23. the population was entirely 
composed of oxidative strains, (Pseudomonas, Acineto-
bacter, Cytophaqa/Flavobacterium) and only in the later 
stages of sampling (days 25, 27, 28 and 29) were facul-
tative anaerobes again observed, and then in very small 
numbers. · 
2.3.8 Multivariate Analysis 
2.3.8.1 Strain composition of individual days 
Classification and ordination analyses were performed on 
plateable isolates from days 18, 20, 33, 35 and 37 of the 
summer sampling and days 10, 22, 23, 27 and 28 of the 
winter sampling. Tables summarising the results of these 
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Table 2: Summary data matrix of percentage of isolates showing a t=esitive 
reaction to discriminatory tests: summer sampling period. 
DAYS OF SAMPLOO 
Test 18 20 23 26 31 33 35 37 38 
Chranogenic 6.8 1.5 1.3 2.2 2.0 1.3 6.1 13.7 10.4 
Coccoid 2.5 5.6 2.9 o.o 12.9 4.5 9.1 0.0 0.0 
Motile 92.5 69.4 80.0 85.2 48.4 52.3 69.7 71.1 51.3 
caseinase + 22.5 22.2 14.3 14.8 16.1 22.7 48.5 10.5 15.4 
caseinase ++ 15.0 2.8 11.4 3.7 9.7 4.5 15.2 2.6 5.1 
Gelatin Uq + 85.0 63.9 40.0 70.3 41.9 47.7 63.6 56.0 59.0 
Gel a tin l.iq ++ 35.0 36.1 14.3 44.4 19.4 29.5 24.2 39.5 38.5 
Agarase + 7.5 16.7 17.1 14.8 16.1 11.4 18.2 13.2 2.6 
Agarase ++ 7.5 13.9 5.7 7.4 o.o 9.1 9.1 2.6 0.0 
C.M.Case + 40.0 5.6 0.0 11.1 19.4 11.4 33.3 10.5 2.6 
C.M.case ++ 7.5 5.6 o.o 3.7 9.7 4.5 24.2 7.9 2.6 
OXidase+ 67.5 61.1 8.6 96.2 45.2 84.1 81.8 68.9 66.7 
catalase + 65.0 83.3 22.9 63.0 58.1 63.6 54.5 26.3 10.3 
catalase ++ 15.0 13.9 8.6 7.4 29.0 52.3 36.4 0.0 7.7 
oxidative-glucose 72.5 77.8 45.8 61.3 77.0 79.5 69.7 76.3 41 .o 
OXidative-mannitol 47.5 75.0 37.1 53.6 54.8 72.7 57.6 57.9 43.6 
Fermentative-glucose 70.0 77.8 45.7 64.3 67.7 77.3 63.6 73.7 43.6 
Fermentative-mannitol 55.0 72.2 31.4 53.6 54.8 65.9 51.5 57.9 33.3 
m3 reductase + 65.0 tJ7.2 60.0 74.1 67.7 84.1 66.7 63.2 71.8 
m3 reductase ++ 47.5 86.1 57.1 67.7 61.3 77.3 60.6 57.9 61.5 
m2 reductase 0.0 o.o 0.0 3.7 0.0 0.0 6.1 2.6 5.1 
Growth at 30°c + rn.5 91.7 51.4 88.9 ~.3 75.0 ~.9 78.9 64.1 
Grwoth at 30°C ++ 82.3 75.0 22.9 14.8 32.3 9.1 72.7 39.5 25.6 
Growth at 37°C + 65.0 69.4 0.0 3.7 19.4 4.5 18.2 5.3 2.6 
Growth at 37°C ++ 12.5 5.6 o.o o.o o.o 0.0 9.1 o.o o.o 
Growth on Cetrimid-SNA 20.0 11.1 8.6 37.0 0.0 4.5 21.2 34.2 33.3 
Growth on T.C.B.S. 30.0 52.8 17.1 51.9 19.4 45.5 30.3 65.8 38.5 
n = 40 36 35 27 31 44 33 38 39 
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Table 3: Summary data matrix of percentage of isolates showing a positive reaction 
to discriminatory tests: winter sampling period. 
DAYS UF SAMPLn:G 
Test 10 16 17 20 22 23 25 27 28 29 
Chromogenic 4.3 12.2 0.0 0.0 6.4 2.1 0.0 0 .o 2.2 6.7 
Coccoid 0.0 4;9 0 .o 0.0 2.1 27.1 4.3 0.0 0.0 2.2 
Motile 36.2 48.8 89.6 100 .o 83.0 45.8 89.4 97.9 91.3 82.2 
caseinase + 19.1 41.5 64.6 63.8 27.7 16.7 83.0 75.0 47.8 0.0 
caseinase ++ 2.5 2.4 6.3 51.1 4.3 0.0 72.3 16.7 17.4 0.0 
Gelatin l:iq + 59.6 61.0 93.8 .100.0 85.1 50 .o 83.0 87.5 87.0 55.6 
Gelatin l:iq ++ 31.9 34.1 62.5 61.7 34.0 33.3 74.5 77.1 63.0 6.7 
Agarase + 44.7 29.3 39.6 31.9 44.7 2.1 44.7 68.8 63.0 77.8 
Agarase ++ 21.3 22.0 18.8 10.6 8.5 2.1 36.2 60.4 56.5 4.4 
c.M.case + 27.7 14.6 22.9 36.2 10.6 10.4 8.5 20.8 15.2 6.7 
C.M.case ++ 6.4 9.8 16.7 27.7 8.5 8.3 4.3 16.7 13.0 4.4 
OXidase+ 57.4 63.4 100.0 100.0 89.4 97.9 97.9 91.7 95.6 64.4 
catalase + 50.0 45.0 45.0 40.0 36.2 33.3 19.1 41.7 8.7 4.4 
catalase++ 5.0 4.0 4.0 2.0 4.3 6.3 2.1 2.1 2.2 0 .o 
OXidative-glucose 40.4 41.5 6.3 0.0 10.6 43.8 4.3 2.1 o.o 82.2 
OXidative-mannitol 68.1 24.4 2.1 0.0 o.o o.o 4.3 8.3 o.o 53.3 
Fermentative-glucose 42.6 29.3 2.1 0.0 0.0 0.0 2.1 2.1 0.0 4.4 
Fermentative-mannitol 40.4 26.8 2.1 2.1 o.o o.o 2.1 8.3 o.o 4.4 
m3 reductase + 42.6 61.0 18.8 12.8 23.4 43.8 10.6 29.2 2.2 88.9 
ro3 reductase ++ 36.2 43.9 2.1 0.0 4.3 o.o 2.1 2.1 o.o 6.7 
m2 reductase 0.0 4.9 0.0 0.0 o.o o.o 0.0 0.0 0.0 0.0 
Growth at 30°C + 70.2 65.9 100.0 100.0 97.9 97.9100.0 100.0 100.0 100.0 
Growth at 30°C ++ 66.0 58.5 100.0 100.0 g] .9 97.9 100.0 100.0 100.0 71.1 
Growth at 37°C + 21.3 43.9 83.3 93.6 93.6 66.7 85.1 85.4 56.5 11.1 
Growth at 37°c ++ 8.5 36.6 60.4 51.1 68.1 0.0 66.0 43.8 43.5 o.o 
Growth on Cetrimid-SWA 21.3 19.5 60.4 51.1 19.1 35.4 85.1 66.7 69.6 11.1 
Growth on T.C.B.S. 27.7 22.0 2.1 o.o o.o 0.0 2.1 2.1 0.0 2.2 
n = 47 41 48 47 48 48 47 48 46 45 
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Table 4: Characteristics of groups present on day 18 of the 
summer sampling period, defined at the 85% s level by 
classification according to the Bray-Curtis measure of 
similarity.( • Denotes at least one member of the group 
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,fiGURE 13: Results of similarity analysis of the randomly selected pl~teable 
population on day 18 of the summer sampling period. (Fig. 13a: Classification 




discriminatory tests are presented {Tables 2. 3). 
Throughout. there was good correlation with the generic 
groupings at the 60%5 - 70%5 level, but physiological 
groupings were defined at the 85%5 level, and showed that 
there were a wide variety of strains present within the 
broader generic groupings. While it is difficult to 
assign specific characteristics to each of these groups, 
since the group presentations represent a summary of 
overall similarities according to the Bray-Curtis 
measure, a table of properties for the population of day 
18 of the summer sampling is presented {Table 4) as an 
example of the discriminatio~ process, together with the 
classification and multi-dimensional 





thera is. in general, a clear separation on the basis of 
physiological response, with only 9ccasional overlaps of 
groups, which result largely from discriminations 
arising on the basis of degree of response to the tests. 
Table 5 shows the number of groups defined at the 85%5 
level for each of the days tested. 
There is little to distinguish upwelling and downwelling or 
warm water populations in summer - these populations all 
showed a high degree of group diversity. Populations 
tested in winter showed a much lower group diversity. An 
exc- eption to this was the population tested from day 10 




SAMPLING DAY No. of Groups n 
N 
18 .. 18 40 
20 t 16 36 
SUMMER 3 3 .,. 20 43 
35 .. 24 33 
38 ~ 14 39 
10 t 25 48 
22 + 11 47 
WINTER 23 + 7 48 
25 .. 14 48 
28 ,j, 8 46 
<t= days of upwelling, ~ days of downwelling) 
Table 5: Number of physiological groups, defined at the 
85%S level using the Bray-Curtis measure of 
similarity, for 5 selected days during summer and 
winter. 
2.3.8.2 summary classifications 
Results of the classification of the summary data matrices 
(Tables 2, 3) for all days tested during summer and winter 
are presented in figs 14a and b. 
During summer (fig.l4a) little difference could be 
discerned between populations from upwelling or downwelling 
water, and all populations tested had a similarity >70.0%. 
While populations from days 20 and 33 (upwelling) 
grouped together at 85.0%S, and populations from 
downwelling water (days 35 and 18, days 37 and 26) also 
paired together, such pairings were indiscriminately 
grouped together, and at least one grouping of an 
upwelling population (day 23) and downwelling population 
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FIGURE 14: Results of similarity analysis fo~ each of the 
days on which bacterial population characteristics were 
determined, based on summary data matrices (Tables 3, 4) • 
(fig. 14a: summer s~mpling period ( 0). Fig. 14b: Winter 
sampling period (e")_Fiq. 14c: Combined data matrices. t = 
upwelling conditions. L~ = downwelling conditions). 
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During winter. however. populations sampled close to an 
upwelling event (days 10,16 and 29) were clearly distin-
guished from those sampled during downwelling (days 17, 
20. 22. 23, 25. 27, 28) at the 60%5 level (fig.14b). 
Even though the population sampled on day 29 was derived 
from weakly upwelled. mixed water (fig.2b) it nonetheless 
still grouped with the populations derived from profound 
upwelling on days 10 and 26, at the 63.4%5 level. 
When the two data matrices were combined (fig.14c) two 
groups were defined at the 54.1%5 level. The first 
consisted of a grouping of the summer populations and 
the winter upwelling populations from days 10 and 16, 
defined at the 74.0%5 level. together with the population 
from day 29 (winter). which was grouped at the 62.4%5 
level. The second group 
populations derived from 
grouped at the 70.0%5 level. 
was entirely composed of 
winter downwelling waters. 
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2.3.9 Diversity 
Two indices of diversity were calculated. based on the 
class if ica tion dendrograms (Table 5). using groups 
defined at the 85%S level. The first (fig.l5a. c) is a 
simple calculation of the number of groups present at 
the 85%S level as a percentage of the total number of 
groups possible (which = n). The second is the 
Shannon-Weaver index of diversity (H') which takes into 
account the proportion of n which occupies each group 
(fig.b.d). 
During summer. the Shannon-Weaver indices remained high 
(H'>3.0) throughout. with only slight variations apparent 
between upwelling and downwelling. The highest value of 
H' recorded occurred on day 35 of sampling during the 
onset of downwelling after a· long (4 day) preceding 
period of upwelling. Values of D confirmed the greater 
diversity of the population on this day. and the 
subsequent drop in diversity as downwelling continued to 
day 38. 
During winter. with the exception of the population 
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FIGURE 15: Statistics of diversity {Shannon-weaver Index 
(H
1
) - r;;;J 1 0 = n/N X 100 - § ) for 5 selected days during 
summer and winter. {Fig. 15a • .Q: Summer sampling period. 
Fig. 15c. d: Winter sampling period). 
remained low (0<30.0%, H 1 <3.0). The diversity of the 
population tested on day 10 was high (D = 52.08%, H 1 = 
4.22) and hence similar to the diversities recorded 
during summer. 
2.4 Discussion 
On the basis of temperature and nutrient analyses, 
sampled at a fixed shore station, it was shown that wide 
fluctuations in hydrological conditions took place and 
that these fluctuations encompassed both day to day 
variations as well as periodic cyclical changes 
extending over lengthier periods. During summer (fig 
3a) such cycles of increasing and decreasing temperature 
and nutrients occurred rapidly ( 3 5 days) and with 
marked regularity. so, for example, it was noted that 
in response to persistent offshore ~uth-easterly winds, 
upwelling of South Atlantic Central Water occurred at 
the coast which resulted in rapid decreases in water 
temperature, which correlated closely with increases in 
the N03 , and total nitrogen content of the 
water. Such phenomena have been extensively 
investigated by Andrews and Hutchings (1980), Andrews 
and cram (1969) and Jury et al. (1985a, b). 
After relaxation of offshore winds, rapid warming of 
surface waters was observed to occur: in some instances, 
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very 1 ight or absen·t winds resulted in the maintenance 
of recently upwelled water local to its point of origin, 
but the onset of onshore winds was observed to move warm 
waters back inshore in downwelling events which 
resulted in the return of offshore waters of upwelled 
origin. 
While upwelled waters were observed to have high N03 
and N02 concentrations, once upwelling had ceased 
No3 concentrations were observed to fall rapidly (figs 
4,5). ·In addition, while newly upwelled water had a low 
Chl a content (P. Fielding pers. comm.), once upwelling 
had ceased, the Chl a content was observed to increase 
rapidly and further increases were observed if downwell-
ing occurred. 
This is strongly suggestive of a rapid colonization of 
newly upwelled water by phytoplankton cells, and is 
supported by the observed decrease in nutrient levels 
once upwelling had ceased. Barlow ( 1982b), studying a 
single patch of upwelled water by means of a drogue, 
showed that as newly upwelled, nutrient rich water is 
exposed to light and seeding with phytoplankton cells, 
dense phytoplankton blooms develop rapidly (within 3 - 5 
days). and result in a decrease in the levels of N0 3 , 
such rapid growth is characteristic 
of upwelling areas when compared with the slower rates 
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recorded in temperate waters, where such blooms may take 
weeks rather than days to develop (Morris and Skea~ 
1978). Barlow (1~82a, b) suggests that both light and 
nutrient levels are the critical determinants in produc-
tion and maintenance of the phytoplankton bloom. and 
that N0
3 
levels <1}Jg at.l-1 are limiting to 
phytoplankton growth (Barlow. 1984). 
During the summer sampling period the 
concentration regularly approached 1 imi ting levels, but 
it was constantly renewed by subsequent upwellings. 
·which would maintain high levels of phytoplankton 
activity in the nearshore region. As pointed out by 
Brown and Field (1986) however. a principal determinant 
in the developrrent · of phytoplankton biomass is the 
size of the initial seeding stock. which is in turn 
dependent on the extent of mixing of newly upwelled and 
aged waters: as a result, both nutrient and Ch1 a 
levels were observed to vary considerably during 
inter-upwelling periods, and appear to be influenced by 
the profundity of the preceding upwelling (fig.4 and P. 
Fielding, pers. comm.). 
The size of the bacterial population was also observed 
to vary through both the summer and winter sampling 
periods: in both cases, the occurrence of upwelling 
resulted in rapid decreases in both numbers and biomass. 
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once upwelling ceased, however. numbers and biomass of 
bacteria were observed to increase, reaching very high 
levels during downwelling events. It was, however, 
observed that during extended inter-upwelling periods, 
and during extended downwelling, a second decrease in 
both numbers and biomass occurred (fig. Sa, b). During 
summer, increases in numbers and biomass of bacteria 
were rapid and closely correlated with changes in the 
nutrient concentrations measured. So, for example, 
there was a strong negative correlation between 
bacterial numbers and biomass and the concentration of 
N03 and N02 (whether as a percentage of the total N 
or as a ratio to NH4 + urea), which shows that during 
summer, both numbers and biomass of bacteria are 
strongly linked to the development of phytoplankton 
blooms, since it is the phytoplankton blooms which are 
primarily responsible for decreases in nutrient levels 
(Barlow, 1982a, b, 1984; 
al., 1984). 
Brown, 1981; Hutchings et 
such associations between phytoplankton growth and bac-
teria are well documented. Phytoplankton have been 
shown to release between 5% and 50% of fixed carbon as 
dissolved exudates, which are utilised by the micro-
heterotrophic community (Thomas, 1971; Itturiaga and 
Hoppe, 1977; Lancelot, 1979; Larsson and Hagstrom, 
1979, 1982; Cole et al., 1982) and it can be 
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hypothesised that phytoplankton bloom development is the 
principal determinant of bacterial growth and activity 
in this system. 
Marked seasonal differences were observed to occur be-
tween the summer and winter samplings. Whereas,, during 
summer. there were very rapid alternations between off-
shore and onshore winds. upwelling and downwelling 
events, with associated changes in nutrients, Chl a and 
bacterial numbers and biomass, conditions in winter 
appeared more constant. Upwelling events in winter were 
rare and of short duration, interspersed with long 
periods of onshore winds which did, however. vary 
cons_iderably in strength (fig.3b). As a result of the 
rarity of upwelling, the mean water temperature during. 
winter (15.5°C s = 1.01°C) was higher than that recorded 
during summer = but 
concentration was in general lower (winter N03 mean = 
6.94 
at 
-1 llg at N03-N.1 
-1 N03-N.1 ). owing 
activity in summer, 
summer N03 mean = 9.3 llg 
to the increased phytoplankton 
however, N03 levels regularly 
approached limiting levels, while those in winter were 
always >2.0 llg --at The infrequent 
winter upwellings led to pronounced increases in the 
N03 concentration (fig.Sa) but the dissipation of 
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these high concentrations was felt to be largely due to 
mixing with surrounding lower nutrient waters. since Chl 
a levels were low and bloom development subsequent to 
upwelling was slow, owing to the low ambient light 
levels (P. Fielding, pers. comm.) In addition, 
augmentation of nutrient levels resulted from the onset 
of winter storms: increases in both N03 and N02 
concentrations were noted when such storms occurred and 
were probably the result of liberation of nutrients from 
benthic sediments. 
Mazure ( 1978. 1980) recorded a seasonal cycle of bac-
terial numbers and biomass at the same study site. in 
the water column and associated with kelp fronds. 
although sampling in that study was conducted on a 
monthly and not daily basis. In that study, a numbers 
and biomass minimum was shown to occur during winter, 
with rapid increases occurring during the summer 
upwelling season. these changes being closely correlated 
with phytoplankton standing stocks and macro-algal 
production (Mazure, 1978). In the present study. the 
numbers of bacteria present during winter were shown to 
be lower than those present during 
3.91 X 
-1 cells.m!l. , 
-1 cells.m!l. s 
-1 cells.m!l. s 
winter mean 
= l. 52 X 
summer (summer mean = 
= 3.70 X 10
6 
= 2.16 X 10 
-1 cells.m!l. ) but the 
variation is not as great as that shown by Mazure 
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(1978). Bacterial biomass was also shown to vary 
between summer (mean = 23.88}Jg C.l-1 d. w. s = 
17.05}Jg C.l-1 ) and winter (mean = 10.38}Jg 
-1 5.86}Jg c. 1 . s = C.l-1 ) which were both. 
however. substantially more than those recorded by 
Mazure (1978). 
Decreases in the numbers and biomass of bacteria occurred 
during the winter upwelling episodes. but the subsequent 
development of the bacterial population was slower than 
that which occurred during summer. It is felt that this 
was the result of the slow development of phytoplankton 
populations in winter upwelled water (fiq.9a. b). In 
the absence of a refined assessment of bacterial 
activity it was hoped that bacterial plateabilities would 
provide an index of the nutritional capabilities of the 
population (Poindexter. 1981; Torrella and Morita. 1982; 
Amy e t a l . • 1 9 8 3 ; Amy and Morita • 19 8 3 a ; Kurath and 
Morita. 1983; Laake et al.. 1983a). With rare excep-
tions. viable counts and %P were higher on lower nutrient 
(0.1% Pep-SWA) plates. 
This suggests that an inability to form colonies is a 
reflection of the lack of mechanisms competent to deal 
with high nutrient levels. which results from the 
prolonged starvation to which cells in newly upwelled or 
nutrient depleted aged water have been subjected 
(Novitsky and Morita. 1977. 1978; Amy et ll·. 1983). 
During summer. it was observed that both the viable 
count and %P fell with the onset of upwelling. Recovery 
of plateability was rapid however, but no reliable 
correlation could be drawn with subsequent population 
development. It is suggested that the mechanisms 
governing pla teabi 1 i ty are complex, representing a 
combination of parameters largely influenced by the 
availability of nutrients: the data presented in summer 
(figs lOa, b ) suggest a rapid increase in plateability 
after upwelling. with a subsequent decrease during 
prolonged inter-upwelling periods. 
On the basis of these data, it is suggested that the 
observed properties of the water masses sampled at the 
fixed sampling station represent the characteristics of 
water with different surface exposure times and stages 
of biological development. During summer, continual 
episodic upwelling leads to the export of nutrient rich 
water. Subsequent development of phytoplankton and 
ba-cterial populations leads to the biological mod-
ification of the water. the extent of which depends on 
the length of time of exposure to a high 1 ight regime. 
In this way, prolonged upwelling will lead to the 
development of patches and plumes of water which, 
although it may mix with surrounding waters. bears 
characteristics largely determined by its upwelling 
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origin (fig.l6). Since the furthest extent of such 
plumes have been exposed for the longest time. a 
horizontal section of the plume should reveal various 
stages of development of phytoplankton and bacterial 
development. 
Jones (1973). Hauxhurst et al. 
(198Sa. b) suggest that the 
(1981) and Fukami et al. 
development of bacterial 
populations is accompanied by changes in taxonomic struc-
ture which are a reflection of changes in physiological 
attributes of the population in response to environmental 
changes. These changes appear to be largely governed by 
the type and availability of nutrients. and in a phyto-
plankton dominated system. such changes in the bacterial 
population have been shown to be clearly associated with 
different developmental stages of the phytoplankton bloom 
(Martin. 1980; Martin and Bianchi. 1980). It can be 
hypothesised. therefore. that variability of bacterial 
populations sampled at a fixed sampling point is the 
result of observation of different stages of deve-
lopment of bacterial populations derived largely from 
the upwelled water population. 
The population of upwelled water was shown to be low in 
numbers and biomass. but diverse in generic groupings 
and physiological attributes. It is suggested that this 
population was adapted to highly oligotrophic conditions 
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TIME >5 DAYS DAY 5 DAYS 3·4 DAYS 1·2 
-1 -1 -1 -1 
N0
3 <2p.~ at.l ( limi tingl >2 <1Dp.g at.l >2<10J.Ii at.l 
>1511& at.l 
Stage 3 (8arlow,19B4J- Stage 2 1Barlow,19B4J- Stage 2 1Barlow,19B4l- Stage 1 1Barlow,19B4l 
senescent. m!ture. log phase. lag phase. 
PHYTOPLANKTON Biomass low. Biomass high. 91omess increasing. Biomass low. 
Chl a low. Chl a high. Chl a increasing. Chl a low. 
Biomess decreasing. Biomass high. Bioi'N!Iss increasing. Biomass low. 
Diversity increasing. Oi varsity low. Diversity initially Diversity high. 
BACTERIA 
high. then decreases. 
Fermentative isolates Only oxidative iso- Oxidative isolates tennentative iso· 
re-appear. lates present. become dominant. lates dominant. 
%P dropping. ~p high. %P increasing. %P low. 
A 
FIGURE 16: structure and characteristics of a hypothetical 
upwelling plume after >5 days of upwelling. 
A: Oceanic and aged upwelled water. 
B: Upwelled water patch. 
C: Upwelling plume. 
D: South Atlantic Central Water. 
and displayed a low V.C. and %P as a result. Upwelled 
water was shown to be rich in nitrogen. particularly as 
No3 • and on exposure to the euphotic zone rapidly 
developed a phytoplankton bloom (Barl~w. 1982; Brown 
and Field. 1986). As the bloom developed. the D.o.c. 
levels would increase. as a result of exudation by the 
plankton (Thomas. 1971; Cole. 1982; Cole et al .• 1982; 
Eberlein et al .• 1983). The gradual increase in ambient 
D.O.C. levels led to the activation of dormant. starved 
cells (Amy et al .• 1983; MacDonell and Hood. 1982) and 
uptake of D.o. c. prompted the increase in numbers and 
biomass of the bacterial population (Bolter. 1981; 
Laake et al .• 1983a. b). Accompanying the growth of 
-~......:·--~-· ........ ·~ 
, phytoplankton • the nutrient 







-N .1 ) in 
downwelling water. but as the period of the upwelling-
downwelling cycles was only 5 days (the length of time 
estimated by Barlow [ 1984] for phytoplankton blooms to. 
enter late log phase). nutrients were continually 
renewed and both phytoplankton and bacterial populations 
were maintained in an early stage of development. As a 
result. little difference was observed in the structure 
of populations derived from upwelling and downwelling 
waters in summer. although significant differences in 
numbers and biomass did occur. These populations were 
characteristically diverse with a high proportion of 
facultative anaerobic isolates. 
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During winter, however, upwellings were rare and as light 
levels were reduced, phytoplankton biomass was low. 
Upwelling was followed by development of reduced phyto-
plankton blooms (P. Fielding pers. comm.) but the inter-
upwelling period was sufficiently long as to allow 
bacterial populations to proceed to a late stage of 
development, and was accompanied by marked changes in 
the structure of the population. Although the winter 
upwelling population was very similar in structure to 
the summer populations, it was replaced by a population 
of low diversity. dominated by oxidative isolates. 
These results demonstrate that considerable short term 
variations in hydrological and biological parameters 
occur on a daily and seasonal basis in coastal waters on 
the west coast of south Africa. The hypothesis that 
these variations result from biological modification of 
upwelled water is experimentally tested in Section 3. 
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SECTION 3: CHANGES IN THE STRUCTURE AND ACTIVITY OF 
BACTERIAL POPULATIONS ASSOCIATED WITH 
PHYTOPLANKTON BLOOM DEVELOPMENT IN AN 
EXPERIMENTAL ENCLOSURE OF UPWELLED WATER-
3.1 Introduction 
The work described in Section 2 showed that rapid 
changes take place in· the bacterial populations of the 
Benguela Upwelling System in response to changing 
hydrological conditions. It was suggested that these 
marine bacterial communities are highly dynamic and 
rapidly respond to changes in biological and physical 
conditions in terms of numbers. biomass and taxonomic 
structure. In other systems. such adaptability is well 
documented and such factors as temperature (Sieburth. 
1967; Trentham and James. 1981) and nutrient 
availability (Bolter. 1977; Bolter et al.. 1977) have 
been shown to effect changes in both the structure and 
activity of heterotrophic populations. 
As shown by Mazure (1978), Linley and Field (1982). 
Davis et al. ( 1983). Davis ( 1985) and data presented in 
Section 2. waters local to the west coast of south 
Africa have a high bacterial density with cells of 
varying morphotype and biomass. 
taxonomic types occurs. which 
A great variety of 
display diverse 
physiological characteristics. Work on the degradation 
of phytoplankton and macrophyte debris and detritus has 
shown the importance of the bacterial population in 
recycling of nutrients (Griffiths and Stenton-Dozey. 
1981; Linley and Newell. 1981; Koop 
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et al., 1982a, b; Koop and Griffiths, 1982; Newell and 
Field, 1984) and is also strongly suggestive of succes-
sions in the bacterial communities involved. In none of 
these studies, however, were bacterial communities des-
cribed beyond a simple breakdown according to morphotype 
and biomass, and in no local work have the taxonomic 
structure, metabolic activity or catabolic properties of 
such populations been assessed: rather, there has been 
a tendency to regard them as temporally and spatially 
homogenous units. 
Two factors militate against such an approach. In the 
first place, much of the population at any one time may 
be metabolically inactive it is thus essential to 
assess the overall heterotrophic activity of the bac-
terial population. Extensive work on starvation-survival 
strategies of bacteria in oligotrophic waters by Novitsky 
and Morita (1976, 1977, 1978) Tabor et al. (1981) Amy et 
ll· (1983) and Kurath and Morita (1983), as well as 
micro-autoradiographic determinations of metabolic 
activity (Meyer-Rei!, 1978b; Tabor and Neihof, 1982, 
1984) shows that much of the population observed by 
direct count techniques is metabolically inactive. 
MacDonell and Hood (1982) however, showed that dormant 
strains revived under the appropriate nutrient condi-
tions, could be assigned to the same genera as strains 
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which were- plateable under normal conditions: Martin and 
Bianchi (1980) suggest that this is comparable to systems 
. 
described by Margalev (1967, 1968) in phytoplankton. in 
which different sections of the population respond to 
specific environmental conditions. lapsing into dormancy 
as changing conditions favour another segment of the 
population. In this way. the whole population remains 
highly adaptable. capable of a rapid response to tempo-
rarily favourable conditions and an efficient utilisation 
of whichever resources are available in an otherwise 
oligotrophic environment. 
Such changes in the population may be manifested as 
taxonomic or physiological changes. and synergistic and 
competitive strategies may result in the appearance of 
successions of taxonomic types. Jones (1973) showed that 
bacterial communities in bag enclosures in Blelham Tarn 
were characterised by successions of bacteria over a 
period of months. while Hauxhurst et al. (1981) showed 
that in the Gulf of Alaska. bacterial communi ties were 
taxonomically and physiologically diverse and that 
different communi ties had characteristics which enabled 
a rapid and efficient response to changing environmental 
conditions. Fukami et al. (1981, 1983, 198Sa. b) showed 
that during the degradation of dead phytoplankton cells. 
distinctive successionary patterns occurred which could 
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be assessed by a class if ica t ion of pla teable bacteria: 
concommi tant with changes in tot a 1 number and biomass. 
rates of uptake of D.O.C. and nutrients. there were 
changes in the generic structure of the bacterial assem-
blage. In addition. they noted that at least two major 
populations occurred. the first dependent on the uptake 
of D.O.M. and the mineralisation of labile particulates. 
and the second dependent on the mineralisation of re-
factory particulates. such changes in the composition 
of the active bacterial population may have profound 
effects on the rates of mineralisation and recycling of 
nutrients within the system (Fenchel and Jorgensen. 
1977). 
Associations between bacteria and phytoplankton are well 
documented. For example. phytoplankton in active growth 
phase have been shown to release a significant proportion 
of fixed carbon as dissolved extracellular exudates. 
which may form a direct food source for microheterotrophs 
(Itturiaga and Hoppe. 1977; Lancelot. 1979; Cole. 1982; 
Larsson and Hagstrom. 1979, 1982; Itturiaga. 1981; 
Jensen. 1983). Although estimates vary. between 5% and 
50% of fixed carbon may be released by phytoplankton as 
extracellular exudates (Thomas. 1971; Cole. 1982) and 
this has been shown to be an important nutrient source 
for bacteria (Cole et al .. 1982; Laake et ~-· 1983a; 
~00 
Jensen, 1983; Joint and Morris, 1982). So, for example, 
· Sorokin and Mikheev ( 1979) showed that 70-80% of fixed 
carbon ultimately passes through the microheterotrophic 
community in the Peruvian upwelling system, while Laake 
et al. (1983b) estimated that 35-40% of fixed carbon in 
an enclosed in s-itu mesocosm was incorporated by 
bacteria. The fraction of primary production available 
to bacteria depends however upon the age. physiological 
state and ·productivity of the phytoplankton bloom 
(Martin and Bianchi. 1980; Lance lot. 1984) and it can 
f. 
be hypothesised that these determinants will also affect .. { 
the composition and activity of the bacterial population. 
Brockmann et _tl. (1977. 1979) showed that· during phyto-
plankton bloom. development there were changes both in 
the generic composition of the algae (as described by 
Margalef. 1967) and in the nature of exudates produced 
by these algal genera. Such changes in the nature of 
D.O.C. may well reflect in changes in the associated 
bacterial assemblages, since variations in uptake 
ability are genetically related (Button, 1985; Davis 
andRobb, 1985). 
The physical and hydrological changes· which take place 
in upwelled water have been well documented (Andrews and 
Hutchings, 1980; Jury et _tl., 1985a, b; Shannon~ 1985, 
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Shannon et ll·. l985b) and the associated changes both 
in the phytoplankton and zooplankton communities have 
also been elucidated (Hutchings.· 1979, 1981; Brown. 
1983; Brown and Henry. 1985). The development of 
phytoplankton blooms is strongly associated with the 
upwelling of south Atlantic Central Water rich in 
nutrients. Blooms are initiated by introduction of this 
water into the euphotic zone and by its seeding with 
phytoplankton cells. Bloom development is preceded by a 
.) 
lag phase whose length is dependent on features such as 
rapidity of mixing (Brown. 1981) and the biomass of the 
initial phytoplankton stock (Brown and Field, 1986). 
Barlow (1984) divides bloom development into three 
phases: the first is characterised by low temperatures 
(<l0°C) and high nutrients. The second is characterised 
by temperatures >l0°C and N03 levels >2.0pg at 
N03-N.l 
-1 and <lSpg at -1 N0 3 -N. 1 , and the 
third represents a senescent or dormant phase of 
nutrient limitation where N03 falls below l.Opg at 
-1 N03-N.l . 
Studies conducted by Hutchings ( 1981). Hutchings et al. 
(1984) and Barlow (l982b), employing a c6ntrolled buoy-
ancy drogue embedded in identified upwelled water plumes, 
have shown that patches of upwelled water may remain 
discrete for some time (>5 days). moving offshore for 
some distance before being dispersed by mixing with the 
surrounding waters or by subduction at the oceanic front. 
It is tempting to regard such patches as semi-closed or 
batch systems. but no information on bacterial activity 
is available from these experiments. 
vertical and horizontal advection effects make it ex-
tremely difficult to follow changes in a single body of 
water. While drogue studies largely circumvent the 
problem of horizontal advection, they cannot account for 
vertical advection effects such as mixing across the 
pycnocline or sedimentation from water mass. As a 
result. enclosure experiments have become a common tool 
in aquatic ecosystem research. and have been used. for 
example. in in situ experiments to follow the 
development of phytoplankton blooms (Kuiper. 1977: 
Brockmann et al.. 1981) Jahnke et al.. 1983). changes 
in water chemistry (Grice et al. 1977: Koike et al.. 
1982: Eberlein et g .. 1983: Kattner et g .. 1983). 
development and structure of bacterial communities (Lack 
and Lund. 1974: Jones. 1973, 1977: Laake et al, 1983a) 
and have proved particularly useful in the construction 
of models of ecosystem dynamics (Gamble et al.. 1977: 
Laake et al.. 1983b) and cycling of nutrients such as 
nitrogen (Koike et al.. 1982) and carbon (Ducklow et 
al.. 1986). Reviews of such work have been done by 
Davies and Gamble (1979). Grice and Reeve (1982) and 
Davies ( 1984). 
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An enclosure of the water mass may itself affect the 
dynamics of the system: not only do such enclosures 
limit contact with the surrounding water mass. but they 
may exert surface or wall effects which tend to increase 
biotic activity (Ferguson et ll·, 1984). Kuiper ll al. 
(1983) showed that bacterial numbers increased faster in 
small (1.Sm3 ) enclosures compared with larger (30m3 ) ~ 
enclosures, but showed that environmental factors exerted 
a far greater influence over the development of phyto-
plankton than bag dimensions: they suggest that the 
rapidity of bacterial development is attributable to 
the maintainance of detritus in a limited area. Menzel 
(1977) reported that patterns of succession were similar 
whether containment was in 41 or 6.8 x 1071 
enclosures, but small enclosures fail to provide spatial 
separations of activities (Kuiper, et al. 1983); as a 
result. 
>1. sm3 
most workers have tended to use enclosures of 
capacity (Grice and Reeve. 1982; Kuiper et 
al., 1983). 
A disadvantage of such large enclosures is the necessity 
to site them in sheltered areas such as lakes. lochs or 
bays: as a result. it is not possible to use them on 
coasts, such as the Cape West Coast. which are highly 
turbulent systems. In this study, a laboratory based 
system was used to follow development of the biota 
associated with newly upwelled water. This has the 
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advantage of being easily sampled and replicated and 
similar systems have been used to follow bacterial degra-
dative processes (Linley et al.. 1981; Fukami et al.. 
198Sa. b). development of phytoplankton blooms (Brockmann 
et al.. 1977. 1979) and for the construction of models 
of nutrient regeneration (Sharp et al.. 1982). The use 
of relatively small volumes has the disadvantage that 
wall effects become pronounced. however. Whipple (1901) 
noted that the viable count of freshwater increased 400 
fold in 24 hours of storage in glass bottles. and 
similar effects have been noted for seawater (Zebell and 
Anderson. 1936; Zebell. 1943) and difficulties pertain 
to the extrapolation to the field of such laboratory 
based experiments (Gunkel: 1972). Ferguson et al. 
(1984) showed that total numbers. CFU count. cell 
volumes and turnover rate of amino acids in 3 litres of 
seawater. all increased within 16h of enclosure - this 
was chiefly attributed to enhanced activity of bacteria 
attached to the vessel walls. 
/ 
To minimise these effects. the experiment described here 
utilised an aquarium tank of intermediate volume (63!1.) 
designed by Ms. S.J. Painting. which was constructed to 
limit enclosure effects as far as was practical. It was 
hypothesised that changes in the biological communities 
which occur after upwelling could be simulated in such 
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an enclosure. Recently upwelled water was 
exposed to a diurnal light regime and the 
changes were monitored for a 43 day period. 
3.2 Methods and Materials 




In December. 1983. 
63~ of upwelled 
during the summer upwelling season, 
water was collected at Oudekraal, 
Cape. Peninsula, south Africa (35°59.1'S, 17°21.5'E). 
The water was immediately transported to the laboratory, 
where it was pre-f i 1 tered ( 60pm mesh) and incubated in 
a pyramidical glass aquarium (fig.17). This aquarium 
had an aeration system which created a bubble screen 
along the sides, to limit settlement on the walls. In 
addition. a Teflon coated stirrer bar {300cm long) 
continuously swept the bottom of the tank to prevent 
particle sedimentation. The incubation was run for 43 
days at 12-15°C under a diurnal light regime ( 13 hours 
on, 11 hours off) which approximated summer light 
conditions. 
3.2.2 Sample collection: nutrients, bacterial numbers 
and biomass 
Samples were taken at 12 hour intervals for the first 25 
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FIGURE 17: Pyramidal aquarium tank containing 63 1 of newly 
upwelled water. 
A: Motor drive to stirrer bar. 
B: Air inlet to perforated aeration tube. 
C: Cover. 
D: Bubble screen (shown on rear wall only) • 
E: Teflon coated stirrer bar. 
F: Perforated aeration tube. 
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days. and every 24 hours for the next 17 days for the 
measurement of N03 • Dissolved Organic Carbon (D.O.C.). 
Particulate Organic Carbon (P.O.C.). bacterial numbers 
and biomass. Data relating to nutrients (N03 • D.O. C .• 
P.O.C.) appear here by permission of Ms. S.J. Painting. 
3.2.2.1 N03 and Dissolved Organic carbon (D.O.C.) 
40ml samples were stored frozen and analysed for N03 
and D.O.C. on a Technicon auto-analyser. following 
methods outlined by Mostert (1983). 
3.2.2.2 Particulate Organic carbon (P.O.C.} 
60-250ml samples were filtered through Whatman GF/F 
filters. dried and analysed on a Hereaus (CHN rapid) 
Analyser. using cyclohexanone (10.14%N. 51.59%C) as a 
standard. 
3.2.2.3 Fluorimetry 
A relative measure of phytoplankton abundance was 
obtained from cell autofluorescence measured under 
ultra-violet light in a Turner fluorimeter. This appears 
here by permission of Ms. S.J. Painting. 
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3.2.2.4 Bacterial numbers and biomass 
5ml aliquots were preserved with Analar glutaraldehyde 
{2.0% final concentration v/v) for counting of total 
cell numbers, according to the methods of Hobbie et al. 
{1977). Cells were counted using a Leitz Laborlux u.v. 
epifluorescent microscope, and were differentially 
assigned to one of 7 morphotypes, as described in Sec-
tion 2.2.3. 
3.2.3 Viable count and percentage plateability 
5ml aliquots were taken from the mesocosm daily during 
the first a days of the incubation and then at 2-3 day 
intervals thereafter, for plating onto 0.1% Pep-SWA and 
0.5% Pep-SWA {see Appendix). 100~1 subsamples were 
plated (either at full strength or at an appropriate 
dilution to produce about 250 colonies per plate) in 
triplicate on each medium. Plates were incubated at 
2l°C for 10 days and stored at 4°C until counted. Plate 
counts included all colonies visible at lOx magni-
fication under a Nikon 6CT2 profile projector. In 
addition, the number of chromogenic colonies (Cytophaqa 
and Flavobacterium) was also counted. 
3.2.4 Heterotrophic uptake of 14c radiolabelled 
carbohydrates and amino acids 
Rates of uptake of 14c universally labelled glucose 
aspartic acid, glutamic acid and alanine by bacterial 
populations were estimated following the methods of 
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Wright and Hobbie (1965, 1966). Griffiths et al. (1977) 
and Wright (1978). 
on days 2. 3, 5, 7, 9, 12, 15, 22, 25, 30, 38 and 43 of 
• I • the 1ncubat1on, 4 x 20ml aliquots of water were taken in 
sterile glass containers. These were prefiltered through 
Whatman GF/F filters to remove macro-plankton, and sepa-
rately to each. a single 14c radiolabelled substrate 
was added. The following substrates and final concent-
rations were used: glucose (11 nmol.l- 1 ), alanine (12 
-1 nmol.l ), 
acid (10 
aspartic acid 
-1 nmol.l ). 
(10 
A 2ml 
-1 nmol.l ) , and glutamic 
subsample was taken 
immediately from each incubation, whereafter they were 
maintained in the dark at l2°C, and subsamples (2ml) 
were taken every hour for 6. hours. Subsamples were 
filtered through 0.2~m Gelman nitrocellulose filters and 
the filters were washed with a O.lmmol solution of the 
appropriate substrate in sterile, filtered seawater to 
reduce non-specific adsorption of radiolabelled sub-
strate to both cells and filter paper. Disintegrations 
per minute (D.P.M.) present on filters were measured by 
drying the filters, and covering them with 5ml of 
Instagel scintillation fluid in scintillation vials, 
which were stored in the dark for 24 hours before 
counting in a Packard Tricarb 460 liquid scintillation 
counter. 
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3.2.5 Plateable population characterisation 
On days 1. 3, 5, 7, 16. 28. 34 and 42 of the incubation. 
40 colonies were randomly picked from 0.1% Pep-SWA 
plates. These colonies were purified and characterised 
using the same tests and methods described in Section 2. 
3.2.5.1 Data analysis 
All data relating to characterisation of strains were 
analysed by multi-variate analysis to produce 1 and 2 
dimensional displays of similarity. according to the 
Bray-Curtis measure of similarity. as described in 
Section 2. Taxonomic groups were defined at the 85%S 
level. and indices of diversity (Shannon-Weaver H'. D = 
N/n x 100) were calculated as described in Section 
2. In addition. the Troussellier functional evenness 
index (E) was calculated. following the methods outlined 
in Troussellier and Legendre (1982). 
1..:...1 Results 
3.3.1 Relative fluorescence 
Results of measurements of relative fluorescence are 
shown in fig. 18. Initial relative fluorescence levels 















5 10 15 20 25 30 
TIME (DAYS) 















1 5 10 15 20 25 30 35 40 45 
TIME (DAYS) 
Changes . -1 J.n N03 -concentration <f9 at N03-N.l ) 
during the 43 day incubation. 
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was present, as is characteristic of newly upwelled 
water (Brown, 1981). The relative fluorescence rose 
rapidly to a peak of 245. o on day 5. Thereafter the 
fluorescence decreased rapidly and by day 10 was only 
10.0. It remained low for the duration of the 
experiment. 
3.3.2 N03 concentration 
Results of N03 measurement are shown in fig .19. 
Although the water temperature and relative fluorescence 
was low, suggestive of strong upwelling when water was 
collected, the initial N03 concentration . was also low 
(4.0pg at -1 N03-N.l ), suggesting that water was 
stage 2 upwelled water as described by Barlow (1984). 
The N03 concentration fell rapidly over the first 3 
days of the experiment, to 
Thereafter the N0 3 concentration remained low for the 
duration of the experiment. From day 5 to day 23 
periodic variations in the N0
3 
concentration over 
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-1 remained close to 1.0pg.at N03-N.l . 
at 
From day 23 until 
concentrations 
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3.3.3 Dissolved Organic Carbon 
Results of analysis of D.O.C. concentrations are 
presented in fig.20. It was difficult to obtain, 
reliable estimates of D.O.C. concentrations. and wide 
fluctuations occurred. A certain amount of this 
variation may be ascribed to the diurnal fluctuation of 
phytoplankton activity (Carlucci et al.. 1984; Fuhrman 
et al.. 1985). but in addition it is suggested that 
bacterial uptake of D.O.C. may be very rapid. and that 
observed D.O.C. levels are the result of a complex 
interaction between phytoplankton productivity and 
heterotrophic uptake rates (Meyer-Reil et al .• 1979; 
Burney et al .• 1982; Carlucci et ~-· 1984; Fuhrman et 
al.. 1985). 
Initial D.O. C. levels rose to a maximum value 
(5.57llg at.l-1 ) within 24 hours of the start of the 
inc- ubation. There after. D.O. C. levels fell rapidly 
and by day 6 were only 1. 34llg -1 at.l . Again. as 
in the case of N03 levels. there appeared to be 
periodic variations in the levels of D.O.C.; between 
days 10 and 18. D.O.C. concentrations ranged between 1 
and -1 at.l . Subsequent to this. they fell 
even further and ranged between 0 and 1.5lJg at.l-1 
for the duration of the enclosure. 
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1 5 10 15 20 40 
TIME <DAYS) 
FIGURE 20: Changes in Dissolved Organic Carbon (D.O.C.) 
concentration Cpg at.l-1 ) during the 43 day incubation. 
1A--------------------------------------, 
1 5 10 15 20 25 30 35 40 45 
TIME(DAYS) 
FIGURE 21: Changes in the Particulate Organic Carbon 
(P.o.c. > concentration during the 43 day 
incubation. 
3.3.4. Particulate Organic Carbon 
Results of analysis of Particulate Organic carbon 
(P.O.C.) 
load was 
are presented in fig.2l. The initial P.O.C. 
-1 low ( 0. 2 9 mg. l ) I but there was an increase 
during the first 6 days of the incubation to a, maximum 
-1 of 1.35 mg.l on day 7. Thereafter there followed 
a period of rapid decline (0.17 -1 -1 mg.l .day ) 
until day 131 whereafter a much slower decline in P.O.C. 
levels took place until the termination of the 
incubation (0.0042 -1 -1 mg .l . d ) I at which point 
P.o.c. levels were close to the original concentration 
-1 (0.36 mg.l ). 
3.3.5 Bacterial numbers - total count 
Results of A.O.D.C. estimates of total numbers are pre-
sented in fig.22. Initial numbers were similar to 
those recorded previously (section 2) for upwelling 
water (2.9 X 6 -1 10 cells.ml ). After a short ( 12h) 
lag, numbers increased approximately exponentially until 
day 3 I 10 6 -1 to a maximum of 7.5 x cells.ml , 
remaining close to that level until day 5. 
From day 5 to day 7, 
minimum of l. 56 X 
numbers fell precipitously to a 
-1 cells. ml , remaining at 
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FIGURE 22: Changes in the total bacterial count (cells x 















FIGURE 23: Changes in the total bacterial biomass Cpg 
C.l-1 ) during the 43 day incubation. 
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numbers occurred which persisted until day 27. peaking 
at 8.0 10 6 -1 x cells.m1 . From day 27 until day 
43, a steady decline in numbers occurred and at the 
termination of the incubation, total numbers were close 
to the original recorded figure (1.8 X cells. 
3.3.6 Bacterial biomass - total biomass 
Results of the estimation of total bacterial numbers 
from the differential counts and mean cell volumes of 
each morphotype (Section 2) are presented in fig.23. 
The total bacterial biomass throughout the incubation 
shows a similar bimodal distribution to that described 
for total numbers (fig.22). The biomass was initially 
low (40.081-lg 
3 and 5 of 
. -1 C.1 ). rising 
-1 c .l . 
to a peak between days 
Between days 5 and 7 
there was a rapid decline in total biomass to 17 .001-1g 
· c.t-1 , but this increased from day 10 to day 27 to a 
maximum of -1 . 240.001-lg.l • after wh1ch it declined 
C.l- 1 at the termination of the 
experiment. 
3.3.6 Bacterial numbers - differential counts 
Results of differential counts for selected days of the 
incubation are presented as bar charts of the percentage 
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FIG ORE 2 4: Changes in the proportion of the population 
comprised of small cocci c 11 >, large cocci c e;::l >, small 
rods ( m ) ' large rods ( ~ ) and other morphotypes ( LJ ) . 
(Fig. 24a: Proportion of total count. Fig. 2 4b: 
Proportion of total biomass). 
c,omposition of the total population by each morphotype 
(fig.24a). A striking feature was the relative rarity of 
small cocci (ultramiciobacteria) in the initial samples. 
These increased rapidly in relative importance. and by 
day 8 and for the duration of the incubation. they formed 
I 
close to SO% of the population by number. It must be 
pointed out. however. that this may be a function of the 
efficiency of counting. True ultramicrobacteria 
(<0. 3lJm in diameter) are extremely difficult to count 
since they lie at the limit of resolution of the 
microscope. and their apparent increase in numbers may 
in fact reflect an increase in their size to levels 
which make them easier to count. 
The initial population consisted primarily of large cocci 
(so. 5%). small rods ( 3 7. 5%) and other morpho types such 
as spirillar and cyclical forms. with very few large rods 
being present. This situation was maintained for the 
first 4 days of the incubation. after which the 
increasing number of small cocci recorded reduced the 
relative proportion of other morphotypes. particularly 
during the drop in total numbers which occurred between 
day S-10. The second population increase (days 10-27) 
was characterised by an increase in the relative numbers 
of large rods. which formed close to 20.0% of the 
population for much of the period of days 18-30, 
whereafter they declined to close to their original 
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level. Small rods, on the other hand, formed between 
20-35% of the population through most of the incubation, 
while large cocci, though initially relatively abundant, 
ultimately formed a relatively small proportion of the 
total. 
3.3.8 Bacterial biomass - differential estimates 
Results of differential estimates of biomass of the 





numerical importance, small cocci con-
little to the total recorded biomass 
incubation. Initially, the biomass 
distribution was dominated by large cocci (40. 61%) and 
small rods (43.42%) with large rods making a very small 
contribution (1.83%) and the rest of the population 
(spirillar and cyclical forms) contributing 14.47%. This 
situation persisted for the first 6 days, and little 
change in distribution was noted through the initial 
population increase and small rods. With the decline in 
numbers between days 6 and 10, there was a decrease in 
the biomass of large cocci. 
With the second population increase (fig.22) the relative 
importance of the biomass of large rods rapidly increased 
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and by day 28 they formed 64.71% of the total biomass. 
declining rapidly thereafter to close to the original 
level so that the final biomass distribution closely 
resembled that at the start of the incubation. 
3.3.9 Colony forming units and percentage plateability 
Changes in the viable count (as -1 C.F.U.ml ), from 
plate counts on 0.1% and 0.5% Pep-SWA. are presented in 
figure 25. The %P, calculated from the viable count on 
0.1% Pep-SWA is presented in fig.26. 
On both media, the viable count was initially low 
(0.1% Pep-SWA = 1.33 X 10 3 .m1-1 , 0.5% Pep-SWA 
= 2.76 x 102 .m1- 1 ) but rose rapidly; the viable 
count on 0.1% Pep-SWA peaked on day 7 {3.67 x 
5 -1 10 .m1 ) and that on 0.5% Pep-SWA on day 11 (2.78 
x 105 .m1-1 ), but declined thereafter to a minimum 
of 5.0 6.0 x 106 .m1-1 on both media on day 15. 






105 .m1- 1 
which peaked again on day 43 at 
on 0.1% Pep-SWA. and 2.52 X 
105 .mn- 1 0 5~ P SWA .... on . -~o ep- . For the greater part of 
the incubation, the viable count on o .1% Pep-SWA was 
higher than those on 0.5% Pep-SWA, the only exception to 
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FIGURE 25: Changes in the viable count (CFU.ml-l) FIGURE 26: Changes in the percentage plateability 
assessed on 0.1% Pep-SWA ( -o-) and 0. 5% Pep-SWA ( • ) • assessed on 0.1% Pep-SWA 
The %P was initially low (0.07%) and remained so for 4 
days. increasing thereafter to a maximum of 12.30% on 
day 9. The %P then decreased rapidly to 2.30% on day 11. · 
and continued to decrease more slowly to a minimum of 
1.16% on day 19. whereafter it increased again (somewhat 
erratically) to 6.53% on day 43. 
3.3.10 Heterotrophic uptake of radio labelled 
substrates 
Uptake rates were standardised for 1mg of bacterial 
carbon. using the biomass estimates obtained in Section 
3.3.8. as recommended by Hoppe (1978). Wright (1978) and 
Simon (1985). Although uptake experiments were run for 
6- hours. it was found that active uptake of 14c radio-
labelled substrates usually took place in the first 3 
hours of incubation: thereafter. levels of uptake of 
radio labelled substrate usually declined. 
Velocities of uptake were calculated from the linear 
uptake portions of these incubations. Specific vel-
oci ties of uptake for glucose. glutamic acid. alanine 
and aspartic acid on each of the days tested are 
presented in figures 27a-d. Active uptake of all 
substrates was limited to the first 9 days of the 
incubation. and thereafter almost no active uptake could 
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fiGUB~ 21: Changes in the specific uptake rates (V/B= 
-1 pg .h .mg bacterial c-1) during the 43 day incubation. 
"(fig I 21a: Glucose. fig. 21b: Aspartic acid. fig. 21c: 
Glutamic acid. Fig. 27d: Alanine). 
h , 
3.3.10.1 Glucose 
Active uptake of glucose was recorded on days 2, 3, 5, 7 
and 9 of the incubation. The initial specific velocity 
of uptake {V/B) was high (4.09 x 10- 4 ~g.h- 1 .mg 
c-1 ) and increased to 5.96 x 10- 4~g.h- 1 .mg c-1 
by day 3. on day 5 V/B had decreased to 1.70 x 10 
-4 -1 -1 
~g. h .mg c cells, but increased again to 
-4 -1 -1 . 6.60 x 10 ~g.h .mg C 1n day 7. It decreased 
through day 9 (1.24 X 10- 4~g.h- 1 .mg C- 1 ) to lOW 
levels of uptake until day 15 (2.98 x 10- 5~g.h- 1 
-1 .mg c ) whereafter no further uptake was recorded. 
3.3.10.2 Aspartic acid 
The highesi rates of uptake of aspartic acid occurred 
at the start of the incubation (day 2: V/B = 6.37 x 10 
- 4 ~g.h- 1 .mg c- 1 cells) decreasing through day 3 
-4 -1 -1 . . (V/B = 4.58 x 10 ~g.h .mg c ) to a m1n1mum on 
day 5 (1.40 x 10- 4 ~ g~h- 1 .mg c- 1 ). A slight 
-4 -1 increase occurred on day 7 (1.83 x 10 ~g.h .mg 
c- 1 ) but by day 9, uptake rates were again low (1.80 x 
10- 5 ~g.h- 1 .mg c-1 ), and remained at this level 













3.3.10.3 Glutamic acid 
Glutamic acid was initially taken up with a V/B = 3.64 x 
-4 -1 -1 . 10 ~g.h .mg c . A sl1ght decrease to 2.61 x 
10-4pg.h-1 .mg c- 1 occurred on day 3, but this 
increased again to 8.85 x 10-4 ~g.h- 1 .mg c-1 on 
day 5. Thereafter it decreased through day 7 (4.71 x 
-4 -1 -1 10 pg.h .mg c ) to very low levels on day 9 
-5 -1 -1 (2.63 x 10 ~g.h ~mg c ). after which no 
active uptake could be detected. 
3.3.10.4 Alanine 
Alanine was initally taken up with V/B = 1.61 x 10 
-4 -1 -1 pg.h .mg c . On day 3, the rate of uptake 
. -1 -1 -4 1ncreased to 6.69 x .h .mgC 10 ~g • but 
. -4 -1 decreased aga1n by day 5 to ~ 3.88 x 10 pg.h . 
mg c- 1 . On day 7 the rate of uptake was again high 
-4 -1 c-1> (9.50 x 10 ~g.h .mg but it decreased 
-5 -1 -1 thereafter to 5.34 x 10 ~g.h .mg c (day 9) 
and then to low levels of uptake on day 12 (4.39 x 10 
- 6 ~g.h- 1 .mg c- 1 ) and day 15 (3.22 x 10-s 
-1 -1 
~g~h .mg C ), after which no further uptake 
was recorded. 
3.3.11 Population composition: discriminatory tests 
A summary of the percentage of isolates showing a posi-
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Table 6: Swnrrary data matrix of percentage of rresocosm isolates showing a 
positive reaction to discriminatory tests. 
DAYS OF SAMPLIN:i 
Test 1 3 5 7 16 28 34 43 
Gram positive 0.0 0.0 0.0 o.o o.o o.o 0.0 5.3 
Chromogenic 2.5 5.1 o.o 0.0 20.0 17.7 15.6 10.5 
Coccoid 2.5 7.7 2.9 o.o 2.9 2.9 0.0 13.16 
Motile 85.0 74.4 97.1 ~.0 57.1 58.8 50.0 68.4 
caseinase + 35.0 25.6 88.2 33.3 20.0 38.2 0.0 0.0 
caseinase ++ 20.0 0.0 29.4 23.3 2.9 0.0 0.0 o.o 
Gelatin 1 jq + 57.5 56.4 94.1 83.3 48.6 55.9 25.0 21.1 
Gelatin ljq ++ 35.0 30.8 94.1 83.3 40.0 47.1 o.o 2.6 
Agarase + 12.5 28.2 8.8 6.7 8.6 52.9 56.3 13.2 
Agarase ++ 0.0 18.0 8.8 6.7 8.6 11.8 11.8 0.0 
C.M.~e + 0.0 5.1 14.7 10.0 o.o 0.0 3.1 o.o 
C.M.Case ++ 0.0 5.1 8.8 6.7 o.o o.o 0.0 0.0 
OXidase ~.0 25.6 38.2 73.3 45.7 58.8 56.3 34.2 
catalase + 37.5 28.2 47.1 36.7 37.1 32.4 28.1 15.8 
catalase++ 12.5 20.5 38.2 20.0 25.7 20.6 17.6 o.o 
Oxidative-glucose 40 .o 33.3 14.7 36.7 22.9 5.9 12.5 23.7 
OXidative-mannitol 37.5 10.3 5.9 10.0 11.4 5.9 o.o 7.9 
Fermentative-glucose 40.0 20.5 5.9 20.0 22.9 0.0 3.1 15.8 
Fermentative-mannitol 32.5 15.4 2.9 0.0 2.9 0.0 0.0 13.2 
oo3 reductase + 57.5 30.8 20.6 23.3 17.1 23.5 18.8 13.2 
ro3 reductase ++ 55.0 25.6 5.9 3.3 14.3 5.9 17.6 2.6 
oo2 reductase 2.5 o.o o.o 0.0 0.0 o.o 3.1 0.0 
Growth at 30°C + 100.0 76.9. 97.1 83.3 68.6 97.1 87.5 86.8 
Growth at 30°C ++ 35.0 59.0 94.1 70.0 37.1 85.3 32.4 10.5 
Growth at 37°C + 37.5 28.2 14.7 10.0 28.6 0.0 12.5 29.0 
Growth at 37°C ++ 17.5 5.1 5.9 3.3 14.3 0.0 2.9 5.3 
Growth on Cetrimid-SWA 25.0 0.0 23.5 10.0 5.7 0.0 o.o 0.0 
Growth on T.C.B.S. 32.5 7.7 2.9 0.0 0.0 o.o o.o 7.9 
n = 40 39 34 30 35 34 34 38 
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tive result to discriminatory tests on each 6f the days 
tested is presented in Table 6, and graphs of those show-








acid production from 
glucose and mannitol are presented in figs 28a-l. 
3.3.11.1 Gram strain 
Gram positive isolates proved extremely rare throughout 
the ~ncubation. and only one was recorded on day 43. 
apart from a cyanobacterial isolate recorded at the same 
time. 
3.3.11.2 Motility 
Throughout the incubation. the majority of isolates 
tested were motile. The population on day 1 had a high 
percentage of motile isolates (84.0%) but this fell 
slightly to 74% on day 3, rising to 97% on day s. and 
thereafter decreased to between SO% and 60% until day 
34. after which a slight increase to 68% was noted on 
day 43. 
3.3.11.4 Caseinase production 




















FIGURE 28: Changes in the proportion of isolates showing a 
positive reaction to 12 discriminatory tests. {Fig. 28a: 
motility. Fig. 28b: Caseinase production. Fig. 28c: 
Gelatin liquefaction. Fig. 28d: Agarase production. ~ 
~= Carboxymethylcellulase production. Fig. 28f: Oxidase 
production. Fig. 29g: Catalase production. Fig. 28h: 
Nitrate reduction. Fig. 29i: Oxidative acid production -
glucose. Fig. 2 9j: Oxidative acid production - mannitol. 
Fig. 2 9k: Fermentative acid production - glucose. 
2il: Fermentative acid production- mannitol.) 
day 5. 88% of isolates produced zones of clearance on 
milk agar plates. Thereafter a rapid decrease to close 
to the initial levels occurred and persisted till day 
28. whereafter no further caseinase producing isolates 
occurred. 
3.3.11.5 Gelatin liquefaction 
A similar pattern of distribution of gelatin liquefaction 
was noted to that of caseinase production. although it 
was generally rather more common throughout. 57% of the 
initial population liquefied gelatin. By day 5 this had 
risen to 94%, and this high level persisted to day 7 
whereafter progressively fewer isolates showed gelatin 
liquefaction, until, by day 42, only 21% of the isolated 
population gave a positive reaction. 
3.3.11.6 Aqarase pr~duction 
Initially. a low percentage (12.5%) of isolates showed 
positive agarase activity. This rose to 28% on day 3. 
but fell to very low levels (<10%) on days 5, 7 and 16. 
Thereafter it increased and on days 28 and 34 the 
populations were dominated by agarase producing isolates· 
(>50%). 
By day 43. the frequency of agarase production had again 
decreased to close to the original level (13%). 
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3.3.11.7 Carboxymethylcellulase (CMCase) production 
Carboxymethylcellulase production was fairly rare 
throughout the incubation. No CMCase producers were 
found in the initial population, but by day 3. 5% of 
isolates were found to be positive. The frequency 
increased through day 5 (14%) to day 7 (10%), but 
thereafter only rarely occurred, with only one isolate 
on day 34 showing positive activity. 
3.3.11.8 oxidase 
oxidase positive isolates dominated the initial assem-
blage (90%) but this situation was reversed rapidly by 
day 3, when only 25% of isolates were positive. There-
after. the percentage of oxidase positive isolates 
increased till they again dominated the assemblage on 
day 7 (73%). Their occurrence fell by day 16 (45. 71%) 
but they were again in the majority on days 28 (58.82) 
and 34 (56.25), but rather fewer were present on day 43 
(34.21). 
3.3.11.9 Catalase 
Throughout the experiment. catalase negative isolates 
dominated the assemblages. Initially, 37.50% of isolates 
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were catalase positive - this rose to 47% of isolates on 
day 5. but thereafter progressively decreased, till by 
day 43, only 15.8% of isolates were positive. 
3.3.11.10 Oxidative acid production from carbohydrates 
3.3.11.10.1 Glucose 
Initially. 40% of isolated isolates produced acid from 
glucose under aerobic conditions. This fell to 14.7% by 
day 5, but on day 7, an increase to 36.7% was noted. 
This decreased to only 5.88% of isolates on day 28, but 
thereafter increased again to 23.7% of strains on day 43. 
3.3.11.10.2 Mannitol 
On day 1, a similar percentage of strains produced acid 
from mannitol ( 37. 5%) and glucose (40%) but by day 3 
this fell to 10.3% and thereafter to 5. 9% on day 7. A 
slight increase in frequency was noted on day 7 (10%) 
and 16 (11.4%) but fell again on day 28 (5.9%) and day 
34 (0%). Mannitol oxidisers reappeared on day 43, 
comprising 7.9% of the total population. 
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3.3.11.11 Fermentative acid production carbohydrates 
3.3.11.11.1 Glucose 
A similar trend to that of oxidative production of acid 
was noted. Initially. 40% of strains produced acid from 
glucose under anaerobic conditions. This fell to 20.5% 
on day 3 and only 5.8% on day 5. An increase was noted 
to 20% on day 7 and 22.9% on day 16. whereafter fermen-
tative strains were not present in high numbers on day 
28 (0%) or 34 ( 3 .13%) but reappeared in the assemblage 
only on day 43 (15.8%). 
3.3.11.11.2 Mannitol 
A similar trend to that of oxidative isolates was noted 
for mannitol fermentative isolates. Initially, 32.5% of 
the population fermented mannitol. This fell to 15.4% 
on day and continued to decrease through day 5 ( 2. 9%) 
and 7 (0%) but appeared at a l?W level on day 16 (2.9%) 
and thezeafter remained absent until day 43 (13.2%). 
3.3.11.12 Nitrate reductase 
Initially. the majority of strains reduced N03 




(20.6%) and 7 (23.3%) to reach very low levels (13.2%) 
by day 43. 
3.3.11.13 Nitrite reductase 
NO ' reductase activity was very uncommon throughout 
2 
the incubation, appearing only initially (2. 5%) and on 
day 34 (3.13%). 
3.3.12 Generic distribution 
3.3.12.1 Cytophaga/Flavobacterium plate counts 
The mean number of colonies on each day of the 
experiment which could be assigned to the 
Cytophaqa/Flavobacterium complex on the basis of their 
chromogenic character are shown in fig.29, expressed as 
a percentage of the total number of C.F.U. 
There is a bimodal 'distribution Cytophaqa/ 
Flavobacterium initially comprised 2.5% of the isolates. 
rising to 8.3% on day 4. then falling to low levels for 
the succeeding 4 days. From day 8 - 18 there was a 
rapid increase in the number of colonies and they came 
to comprise 24. 6% of all colonies on day 18, falling 
thereafter to 9.26% on day 43. 
25. 
1 5 
FIGURE 29: Changes in the proportion of chromogenic 
isolates (Cytophaqa/Flavobacterium) assessed on 0.1% Pep-SWA 
during the 43 day incubation. 
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3.3.12.2 Generic distribution determined by random 
sampling 
The complete generic distributions. for each of the days 
sampled, are presented in fig.30. 
The initial sample was dominated by fermentative forms 
(Vibrio = 48 .. 1%, Enterobacteriaceae = 23.9%) with non 
fermentative forms (Pseudomonas, Acinetobacter, 
Cytophaqa/Flavobacterium and unidentifiable strains) 
comprising only 28.0% of the population. 
This distribution changed very rapidly, and by day 3, the 
obligate aerobic strains dominated the assemblage. This 
situation was maintained for the duration of the incuba-
tion. 
on day 5 only 2 genera were represented - Pseudomonas 
(93.5%) and Vibrio (6.5%). This cor respended with the 
peak in numbers and biomass of bacterial cells shown in 
figs 22 and 23. 
From day 5 to day 7 there was a drop in the total number 
and biomass of cells, and there was a corresponding 
change in the generic distribution - the percentage of 
facultative anerobes increased (22.7%) and a few 
















5 7 16 
TIME(DAYS) 
28 34 43 
Changes in the generic composition of the 
plateable population during the 43 day incubation. 
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was dominated by Pseudomonas (74.2%). 
Days 10 to 25 marked an almost exponential increase in 
numbers and biomass of bacterial cells: by day 16, the 
number of Cytophaqa/Flavobacterium cells had increased 
markedly, as had the number of Acinetobacter strains, 
with facultative anaerobic isolates comprising only 20% 
of the total population and py day 28, these had again 
disappeared from the population. At this point, which 
appeared to be a stationary phase in the numbers and 
biomass increase. Pseudomonas again dominated the 
assemblage (73.3%) with Vibrio and Enterobacteriaceae 
reappearing only during the decline in population from 
day 28 on. This period (day 28 - 43) was further charac-
terised by the increasing importance of the Acinetobacter 
isolates. 
By day 43 the community structure closely resembled that 
of day 3 of the incubation: both groups of facultative 
anaerobes were present, as well as a small number of 
Cytophaqa/Flavobacterium strains, with the assemblage 
being dominated by Pseudomonas (47.1%) and Acinetobacter 
(20.5%); interestingly there was also a single Cyano-
bacterial isolate, as well as one gram positive coccus. 
The frequency of occurrence of Cytophaqa/Flavobacteria 
strains in the randomly picked collections closely paral-
leled their frequency assessed by plate counts. This 
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suggests that the random selection method provides a good 
representation of strains present on solid media. 
3.3.13 Multivariate analysis 
3.3.13.1 Individual days 
As an example of classification dendrograms and multi-
dimensional scaling ordination plots used in diversity 
analysis. results for all strains tested on day 1 of the 
incubation are presented in figs 3la,b. In general. most 
strains tested were similar at the 40<-<50% similarity 
level. Thereafter, groups devolved at varying similarity 
levels - it was felt that, in common with populations 
discussed in Section 2, this was a function of the diver-
sity within the populations. It was noted that the pre-
vious generic groupings used (Section 3.3.12) correlated 
roughly with the group presentations at around 60<-<70%S, 
but a higher level of discrimination (BS%S) was used to 
determine physiological taxa within the population. It 
proved difficult to assign particular characteristics to 
each of these groups. since they are the product of an 
averageing process of discrimination, but as an example, 
the broad definitions of groups for day 1 are presented 
(Table 7). The number of groups present at the 85%S 
level are shown in Table.B. 
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DISCRIMINATIVE GR:XJP roMBER 
TEST 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
1'0111 toccuo • CDecold-rc:d • • • • • • • • ..... • • • • • • • • • • • • • • • • 
<nWI - • • • • • • • • • • • • • • • • • • • IIEI'C1'Jilll • 
aaua:am: - • • •· • • • • • • • • • • • • • • • . • 
sua •• Mell • • • • -I • • • • • • • • • • - • • • • • • • • •· 10190 • • • 
IOrll.mr - • • • • ·- • • •· • • • • .. • • • • • • • 
COSIDIIIS8 - • • • • • • .. • • • • • • • • • • .. •· • • • • • 
GEU\:I'lll - • • • • • • • • • LIQU!l!'. • • • • • • • .. • • • • • - - • • • • • • • • • • • • • • • • .. • • • • .. 
JCAAPD' - • • • • • 
_.nRI rtnv • • • • 
I 
dlff•l .. 
<l'll!- - • • • • • • • • • • • • • • • • • • • • .. 
CIIIIlNI8 - • .. • • • • • • • • • • • •· • •· • • • • 
CllrNJOilll - • • • • • • • • • • • • • • • • • • .. - • • .. • 
Oltllli\TIVB -
liClD mal • • • • • • • • • • • • • • • Gt.IID!II •· • • • • 
OltltftrlVII - ... • • • • • liClD mal • • • • • • • • • 
IWIIl'I'CL • • • • • 
I'EIMm'llrMI - • • • • • • • • • • • • • • liClD ..... • •· • .. • • GUXXlllll 
~- • • • • • • • • • • • • • • • • IICID mal • 
IIIHtttlllo • • • 
lm1IM1I . - • • • • • • • • II!ZIICrMB • • .. • • • • • • • • • • 
NmiJft - • • • • • .. .. •· • • • • • • .. • • • ......,_ +• • ·-· GJOmiM -· -- • • 30°C + ... • • • • • •· • • • • • -. .,.. • • • • • • • • • CRJml, - • • • • • • • • • • • • lt'C + • • • • • ++ • • • • I GIOITR 011 -
ct:nWIID • • • • • 
GIDml OR -
T.c.a.s. • • • • • 
axaJR"" 91'- • • • -r.e.a.s. M • f'dl•' 
Table 7: Characteristics of groups present on day 1 of the 
mesocosm enclosure, defined at the 85% S level by 
classification according to the Bray-curtis measure of 
similarity.(• Denotes at least one member of the group 
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FIGURE .3.1.: Results of similarity analysis of the randomly selected plateable 
population on Day 1 of the 43 day incubation. (Fig. 31a: classification 









85%5 ( N) 
Table 8: 
DAYS OF SAMPLING 
1 3 5 7 16 28 34 43 
40 39 34 30 35 36 32 38 
19 24 10 10 18 13 12 17 
Number of groups present at 85%S level for 8 
days of the 43 day incubation 
It was observed that three areas of high group presenta-
tion occurred: these correspond to days 1 - 3. day 16 
and day 43, with low group presentations on both days 5 
and 7. 
3.3.13.2 Summary classifications 
Results of classification analysis of the summary data 
matrix for days 1, 3, 5, 7, 16, 28, 34 and 43 of the 
incubation (Table 6) are presented in fig.32. 
Day 1 of the incubation remained isolated and unique in 
the similarity analysis. its closest similarity occurring 
at the 66. 5%S level with the populations of days 3. 16 













FIGURE 32: Results of similarity analysis of properties of 
the bacterial populations on 8 days of the 43 day 
incubation, based on the summary data matrix (Table 6). 
at 82%5 - both of these populations were derived from 
early log phase growth (fig. 22). The population of day 
43 was similar to these populations at the 73%5 level. 
The populations of days 5 and 7 proved very similar to 
one another at 85%5. and those of days 28 and 34 were 
paired at 76%5. Although both of these pairings were 
from similar stages of population development (late log ~ 
stationary phase) they .remained quite dissimilar from 
one another. 
3.3.14 Population diversity 
Results of diversity analyses are presented in figs 
33a-c. The initial diversity measures were high. and a 
s 1 ight increase was noted between days 1 and 3 in both 
H' and D: thereafter a decrease in these indices of 
diversity occurred. which was maintained between days 5 
and 7. With the start of the second population 
increase. an increase in diversity to the same level as 
the initial values occurred. but this declined during 
the population peak. and was maintained for the duration 
of the incubation. The Shannon-Weaver index (H') showed 
very similar trends to that of D. except at the term-
ination of the enclosure. where D increased while H' 
.remained low. The value of E decreased slightl~ detween 
days 1 and 3. and then rapidly between days 3 and 15; 
as was the case for both H' and D. 
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FIGURE 33: Changes in population diversity during the 43 day incubation. (~ 
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an increase in the value of E occurred between days 5 
and 16, decreasing again between days 16 and 43. 
3.4 DISCUSSION 
The 43 day incubation was divided into two distinct 
periods, each denoted by the development and decline of 
a characteristic bacterial population. The first period 
lasted from day 1 to day 10 of the incubation. and the 
second from day 11 to the termination of the experiment. 
Between days 1 and 6, a phytoplankton bloom developed in 
the mesocosm as a result of the exposure of nutrient rich 
upwelled water to light. Bloom development was rapid. 
as has previously been reported by Barlow ( 1982). and 
occurred at the expense of inorganic nutrients, in par-
ticular No3 (fig.19) whose decline closely followed 
the increase in fluorescence. 
As the phytoplankton bloom developed. the D.o.c. concen-
tration was observed to increase (fig.20). in keeping 
with reports that between 5% and SO% of photosyntheti-
cally fixed carbon may be released as dissolved exudates 
(Thomas, 1971; Ignatiades and Fogg, 1973; Itturiaga 
and Hoppe, 1977: Lancelot, 1979: Larsson and Hagstrom. 
1979, 1982). This release occurred principally during 
exponential growth of the phytoplankton. Difficulties 
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pertain to the measurement of D.O.C. however. since it 
is rapidly taken up by bacteria. which distorts the 
observed concentration (Billen et al.. 1980; Hagstrom 
et al.. 1984). There is some controversy surrounding 
the mechanisms governing exudate release. Eberlein et 
al.. (1983) noted that D.O.C. was principally released 
\ 
at the end of exponential growth phases. but Itturiaga 
and Hoppe {1977). Larsson and Hagstrom (1982) and Lancelot 
(1983) suggest that exudation in healthy phytoplankton 
cells is low (<10%) of photosynthetically fixed carbon, 
and Fogg. (1966, 1971) Ignatiades and Fogg (1973) and 
Eberlein et al. (1983) suggest that extracellular release 
is greatest during periods of nutrient and light limita-
tion. when carbon fixed during continuing photosynthesis 
is released as exudates instead o·f being incorporated 
into biomass (Fogg, 1966; Anderson and Zeutschel. 1970). 
D.o.c. is rapidly and efficiently utilised by bacteria 
(Billen et ~-· 1980; Bolter, 1981; Cole et al .• 1982; 
Laake et al., 1983b; Hagstrom et al .• 1984; Ducklow et 
al.. 1986). consisting of a variety of compounds, of 
which glucose and other carbohydrates (Hellebust. 1970; 
Eberlein et ~- (1983) and dissolved free amino acids 
(Crawford et al .• 1974; Brockmann et al., 1979) are the 
most important constituents. Both glucose (Wright and 
Hobbie. 1965. 1966; Griffiths et a l. • 1977) and amino 
acids (Crawford et al .• 1974; Bright and Fletcher. 
1983a. b; Eberlein et ~-· 1983) are taken up and 
incorporated or utilised efficiently by marine bacteria. 
and close correlations have been drawn between levels of 
D.F.A.A. and bacterial productivity (Bada and Lee. 1977; 
Palumbo et al .• 1983; Laanbroek et al .• 1985) as well as 
between total D.O.C. release and bacterial productivity 
(Bolter. 1981). Rates of uptake of radiolabelled gluc-
ose and amino acids are commonly used as indicators of 
heterotrophic bacterial activity (Wright and Hobbie. 
1965, 1966; Vaccaro and Jannasch, 1966; Takahashi and 
Ichimura, 1971; Andrews and Williams, 1971; Crawford et 
al., 1974; Hoppe, 1977; Bright and Fletcher, 1983a, 
b; Simon. 1985). 
In this instance, specific velocities of uptake of 
alanine, glutamic acid and glucose were high during this 
period, and increased during the development of the 
phytoplankton bloom. peaking at the time of highest 
phytoplankton abundance. It was noted. however. that 
the uptake of aspartate. which was high initially. 
decreased during this time. High specific velocities of 
uptake of alanine, glutamic acid and glucose were 
maintained until the decline of the phytoplankton bloom 
(figs 27a-d). As noted by Brockmann et ~- (1977. 1979) 
the development of phytoplankton blooms is· accompanied 
by changes in taxonomic structure which reflect in 
changes in the production of amino acids. which may 
occasion different preferential rates of heterotrophic UJ?take. 
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Billen et al. (1980) however, suggest that bacterial 
uptake is the principal determinant of observed D.F.A.A. 
concentrations, and in the absence of determinations of 
natural glucose and D.F.A.A. concentrations, both rates 
of uptake and specific velocities of uptake are likely 
to be underestimated (Crawford et al., 1974); none-
theless, there was evidence during this period of some 
sequential development of substrate preferences, and 
heterotrophic uptake was, in general, high. 
Accompanying the rapid uptake of dissolved organic sub-
stances, a marked increase in bacterial numbers occurred 
until day 6 (fig.24a) mainly amongst the larger cocci 
and small rods. There was, however, little change in 
the overall biomass distribution (fig.24b) although the 
total biomass increased to a maximum between days 4 and 6 
(fig.23).. Such increases, which correlate with phyto-
plankton bloom development, have previously been reported 
(Simon, 1985; Laanbroek et al., 1985) and confirm the 
finding of Bird and Kalff (1984) that good correlations 
can be drawn between bacterial abundance and Chl a con-
centrations. An interesting feature during the 
development of the phytoplankton bloom was the increase 
in numbers of very small cocci. This appears to be 
paradoxical, since the production of small coccoid forms 
is generally believed to be symptomatic of the onset of 
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highly oligotrophic conditions (Torrella and Morita, 
1982; Amy et ll·, 1983) South Atlantic Central Water 
has been shown to have a bottom time soo years (Morita, 
1984b; Shannon, 198Sb) and hence newly upwelled water 
contains very low concentrations of D.O.C. Bacterial 
populations in newly upwelled water have therefore been 
subjected' to long periods . of starvation and small 
coccoid forms are commonly found in such water. Very 
small coccoid cells are, however, difficult to count by 
conventional A.O.D.C. techniques, since they lie at the 
limit of the resolving power of the microscope. Amy et 
al. (1983) and MacDonell and Hood (1982) have shown that 
such cells can be revived, and an increase in cell size 
is noted under conditions of gradually increasing 
ambient nutrients. As levels of D.O.C. rose during 
phytoplankton development, these small dormant forms 
were revived, and increased sufficiently in size to be 
accurately counted the increase in numbers of such 
small cells is therefore believed to be artefactual. 
Accompanying the increase in bacterial numbers and 
biomass was an increase in both the viable count and the 
%P, which, as suggested by Laake et ll· ( 1983b), was 
felt to reflect the increasing nutritional competence of 
the population as nutrient levels increased in the encl-
osure. A lag of 2 - 3 days between increases in the 
cell count and increases in the C.F.U. and %P was 
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evident (figs 25. 26). 
With the rapid development of the phytoplankton bloom. 
N03 levels fell to limiting levels of close to 1pg 
-1 at.l (Barlow. 1984) and there was a decline in 
phytoplankton abundance between days 7 and 10. 
Accompanying the phytoplankton population decline was a 
rapid drop in bacterial numbers and biomass. which 
occurred principally among the large cocci and small 
rods. but with an increase occurring amongst the small 
cocci. Linley and Newell (1981) noted a similar 
decrease in numbers and biomass of bacteria following 
blooms associated with the degradation of kelp mucilage 
and phytoplankton debris. and showed that this occurred 
as a result of grazing by micro- flagellates. Such 
predation has been widely reported and micro-flagellates 
are generally believed to regulate bacterial population 
size. as well as enhancing metabolic 
activity in surviving cells by excretion of organic and 
inorganic nutrients. and promoting D.O.C. release during 




b; Mallory et ,tl.. 1983; Davis and Sieburth. 
Gray et al.. 1984; Gast. 1985; Taylor et ll·. 
Ducklow et al .• 1986). The increase in real and 
relative abundance of small cocci suggests that the 
smaller bacteria enjoy a selective advantage during 
predation. but in addition. this increase may be due to 
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a fragmentation response by the larger size classes as a 
result of the onset of low nutrient conditions. as has 
been ~ascribed by Novitsky and Morita (1976. 1977. 1978). 
Tabor (1981). Torrella and Morita (1982) and Amy et al. 
(.1983). In addition to these changes. there were 
declines in both the viable count and percentage plat-
eability and in all estimates of heterotrophic uptake 
. activity. which suggests· a generalised starvation-survival 
response in the population. in response to falling 
nutrient levels. 
Throughout the development of the phytoplankton and 
-
bacterial populations. there was an accompanying in-
crease in the P.O.C. levels in the mesocosm (fig.21) 
which reached a maximum ( 1. 4mg .l-1 ) ori day 6. Parsons 
and Strickland (1962). Barber (1966). Anderson and 
zeutschel (1970) and Biddanda (1985) show that P.O.M. 
synthesis is dependant on the presence of bacteria and 
occurs at the expense of D.O.C. in the water column. 
During the decline of the bacterial population between 
days 6 and 10. the P.O.C. levels also fell. suggesting 
that following the decline of D.O.C. concentrations. 
active mineralisation of particulates took place as 
described by Fukami et al. (198Sa. b); this is initially 
rapid. and results in the mineralisation of labile frac-
tions of the P.O.M. 
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There were marked changes in the taxonomic structure and 
physiological properties of the plateable bacterial popu-
lations throughout the development and decline of the 
assemblage. The initial population was highly diverse, 
as shown by all three measures of diversity (D, H', E-
see fig.33) which is typical of populations in upwelled 
water (Section 2). This assemblage had a high proportion 
of fermentative isolates (fig.30) and an a• = 3.7, which 
was comparable to that recorded by Martin and Bianchi 
( 1980) in o 1 igotrophic temperate waters. With the in-
crease in numbers and biomass following phytoplankton 
bloom development, there was an initial increase in di-
versity which peaked on day 3 during midlog phase of the 
phytoplankton increase: this was accompanied by a drop 
in the number of fermentative isolates recorded, with 
Pseudomonas and Acinetobacter isolates becoming dominant 
in the assemblage. At the peak in bacterial numbers and 
biomass, the diversity was very· low and the plateable 
population was dominated by Pseudomonas isolates. This 
process bears a strong resemblance to the de~o~t 
of bacterial blooms in other systems. Fukami et al. 
( 198Sa, b) noted similar decreases in population 
diversity and in the occurrence of fermentative isolates 
associated with increases in numbers, biomass and 
plateability of bacteria during the decay of phyto-
plankton detritus, while Martin and Bianchi (1980) and 
Martin (1980) noted marked reductions in diversity and 
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occurrence of fermentative isolates in bacterial pop-
ulations associated with natural phytoplankton blooms. 
Kaneko et al. (1977) found an inverse relationship 
between biomass and species diversity in the Beaufort 
Sea. in confirmation of the hypothesis of Margalef (1951 
et ~-) that oligotrophic communities respond to high 
nutrients by developing populations which consist of 
relatively few well adapted and opportunistic species. 
This population showed a similar trend: as diversity 
decreased. there was an increase in the number of 
isolates able to hydrolyse casein. gelatin. agar and 
C.M.C. (fig.28). 
As both the phytoplankton and bacterial populations de-
clined. there was an increase in the diversity measures 
H'. D and E. which was reflected in an increased taxo-
nomic diversity: both fermentative isolates (Vibrio and 
Enterobacteriaceae) were again present in the assemblage. 
but there was a decrease in the number of isolates able 
to hydrolyse milk. gelatin. agar and C.M.C. The first 
part of the incubation conformed closely to bacterial 
population development associated with phytoplankton 
bloom development described by various authors for both 
natural (Bell and Kuparinen. 1984; Delattre et al .• 
1979; Martin. 1980; Martin and Bianchi. 1980; Kattner 
et al.. 1983; Barlow. 1982a. b. 1984) and en- closed 
systems (Linley et al .• 1981; Laanbroek et al .• 1985 ; 
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Newell et ~ .• 1980, 1981; Jahnke et al., 1983; Fukami 
et al . , 1985a, b: Laake et al., 1983b), in which 
bacterial population development was linked to the 
provision of abundant, labile nutrient either in the 
form of D.o.c. or detrital material. 
buring the second part of the incubation, however, no 
discernable increase in phytoplankton abundance was 
found, nor were there any concommittant increases in 
D.O.C. or P.O.C. Nonetheless. after a short lag period 
(days 8 - 10) a second increase in bacterial numbers and 
biomass commenced, which persisted to day 18, whereafter 
both numbers and biomass remained stable till day 30 
(figs 2 2 • 2 3 ) . Both numbers and biomass of bacteria 
were higher during this period than they had been during 
the first part of the incubation. 
Examination of the D.O.C. and P.O.C. concentrations 
(figs 20,21) suggest that continued mineralisation of 
these resources continued during this period. Up to 
day 12, rapid mineralisation 
the P.O.C. occurred, but 
-1 -1 (0.0042mg.t .d ) utilisation 
-1 -1 ( o . 1 7mg . !1. • d ) of 
thereafter a slow 
continued till the 
end of the incubation. The P.O.C. levels (fig.21) while 
somewhat erratic, 
between days 10 
ranged between 1.0 and 
and 18: thereafter 
-1 3.0mg.!l. 
they fell 
precipitously and remained low (between 0.0 and 
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-1 
1.Smg.~ ) for the duration of the enclosure. These 
results suggest that during the development of this 
population. cells were dependent on the mineralisation 
of recalcitrant D.O.C. and P.O.C remaining from the 
initial period. 
It is known that not ail D.O.C. released by phytoplankton 
is immediately utilisable: Eberlein et al. (1983) showed 
that. together with glucose and easily utilisable D.F.A. 
A .• photosynthetically derived organic carbon (P.D.O.C.) 
contained recalcitrant compounds which required biological 
modification before they could be utilised by bacteria 
and suggested that they may remain unutilised until bac-
terial successions occurred which produce populations 
able to use them. Fukami et al. (198Sa. b) suggest. on 
the basis of studies of the decay of Skeletonema costatum 
detritus. that at least two distinct populations of bac-
teria are involved in mineralisation of detritus - the 
first dependent on easily utilisable D.o.c. and particu 
lates and the second dependant on recalcitrant compounds. 
while Itturiaga and Hoppe (1977) and Itturiaga (1979) 
showed that during the mineralisation of sedimenting 
phytoplankton debris. the small molecular weight D.O.C. 
and P.O.C. components were utilised earlier. than larger 
molecular weight recalcitrant compounds. 
It was· evident that the increase in numbers and biomass 
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occurred in all size classes, but was particularly marked 
in the large rods and small cocci. It is probable that a 
fragmentation response continued throughout this period 
amongst those strains unable to utilise the remaining 
D.O.C. and P.o.c .• in concert with the development of a 
new and active assemblage, 
small cocci,. together with 
size classes. The increase 
leading to an increase in 
an increase in the larger 
in biomass was attributed 
chiefly to the increase in numbers of large rods, which 
finally composed nearly sot of the total biomass by day 
30 (fig.24b). A similar increase in large rods during 
the late stages of degradation of phytoplankton debris 
was noted by Linley et al. (1981). 
' --
Changes in the composition of the plateable popu].ation 
accompanied the increase in numbers and. biomass. During 
early exponential growth (days 11 - 16) there was an in-
crease in diversity (figs 33a-c) as had occurred between 
days 1 and 3. An increase in the number of genera was 
recorded, as a population comprising Vibrio, 
Enterobacter, Cytophaqa/Flavobacterium, Acinetobacter 
and Pseudomonas replaced the lag phase population which 
had been dominated by Pseudomonas. Throughout this 
period, chromogenic strains formed an increasingly large 
part of the plateable population, whether assessed by 
plate count (fig.29) or random selection (fig.30). 
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As the population number and biomass peaked, there was a 
decrease in diversity on all indices (H', D. E) and the 
number of genera decreased as fermentative strains dis-
appeared from the assemblage. As had occurred on day s. 
the plateable population was dominated by Pseudomonas 
strains, with Acinetobacter also being represented, 
together with a high percentage of chromogenic strains 
(Cytophaqa/Flavobacterium). 
Results of radiolabelled glucose and amino acid uptake 
experiments suggest that this population was unable to 
take up o.o.c. in the form supplied, and despite rapid 
growth, no increase in uptake activity occurred after day 
10. Furthermore, few of the isolates displayed a wide 
range of hydrolytic properties: an increase in the 
number of agarase producing isolates did occur, but very 
few were able to hydrolyse casein, gelatin or C.M.C. 
This population was thus clearly distinguished from the 
highly active population of day s. which readily took up 
o.o.c. and showed a wide range of hydrolytic 
properties. In addition, although there was a slight 
increase in the viable count. the percentage 
plateability remained low. 
From day 30, the number and biomass of cells fell, and 
continued to do so until the termination of the encl-
osure on day 43. This was accompanied by an increase in 
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generic diversity as fermentative isolates again 
appeared in the assemblage. By day 43 numbers, biomass 
and the generic distribution resembled those of the first 
3 days, but this increase in diversity is reflected in 
only one diversity index (D) - both H' and E fail to 
show any increase in diversity, largely due to the 
paucity of isolates showing hydrolytic activity. 
A seemingly paradoxical feature of the terminal stages of 
the. enclosure was the increase in %P (fig. 26). It is 
suggested that this reflects a maintenance of competent 
nutritional mechanisms during the fragmentation phase, 
and a similar phenomenon has been noted during starvation 
of purified isolates by Amy and Morita (1983a, b) and Amy 
et al. (1983). In this instance, an increase in the via-
ble count occurred between days 25 and 33, as the total 
count began to decrease. The increase in %P resulted 
both from this increase in the viable count and from the 
progressive drop in the total count with the onset of 
oligotrophic conditions. 
There were thus two distinct bacterial populations asso-
ciated with the development of the phytoplankton bloom in 
this experiment. This differed from reports by Linley 
(1983), Linley et al. (1981) and Fukami et al. (1985a, b) 
on the mineralisation of phytoplankton and zooplankton 
detritus and kelp exudates, in which single bacterial 
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blooms occurred. Fukami et al. (198Sa, b) 
however, that two populations were involved, 
suggested, 
the first 
dependant on labile compounds and the second on refrac-
tory compounds, but their development was synchronous 
and no bimodal peaks in numbers and biomass occurred. 
Newell (1982, 1983) however, showed that, during the 
decay of sal tmarsh plant detritus there was an initial 
{10 day) bacterial bloom associated with labile D.O.C. 
and P.O.C. mineralisation, which was replaced by a second 
bloom associated with the refractory particulates. 
The development and decline of both populations conformed 
to descriptions by Margalef ( 1967, 1968, 1979), Martin 
and Bianchi ( 1980) and Martin ( 1980); periods of high 
numbers and biomass were characterised by populations of 
low diversity, while highly diverse populations were 
associated with periods of low numbers and biomass. 
Multivariate analysis of the two populations showed that· 
they differed considerably. Diverse populations associ-
ated with early log phase development in both instances 
(days 3, 16) were similar to one another (fig.32) and 
fairly similar to the terminal population, but 
populations associated with the first (days s, 7) and 
second (days 28, 34) population peaks bore little 
resemblance to one another, beyond a similarity in 
generic composition (fig. 30). The first population, 
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associated with the phytoplankton bloom, was highly 
active in taking up D.O.C. and displayed a wide range of 
hydrolytic properties. while the second population did 
not take up radiolabelled D.O.C. and had a restricted 
range of hydrolytic properties. 
These results have considerable implications for future 
studies. At present, most estimates of bacterial 
activity and productivity are based on uptakes of 
radio labelled glucose (Wright and Hobbie, 1966, 1967; . 
Vaccaro and Jannasch, 1966; Takahashi and Ich'imura, 
1971: Novitsky, 1983), amino acids (Bright and 
Fletcher, 1983a, b; Novitsky, 1983; Simon. 1985) or 
tritiated thymidine (Fuhrman and Azam, 1980; Ducklow et 
al .• 1982; Kirchmann et al., 1982; Lovell and Kanopka, 
198Sa, b). As shown here, however, these estimates will 
only include those bacteria or populations dependent on 
labile D.O.C. or P.O.C.. and only estimates based on 
number or biomass increases will include both 
populations. Furthermore. bacterial populations cannot 
be regarded as homogeneous units changes in 
productivity, rates of uptake and properties have to 
take into account that successive samplings may measure 
properties of different bacterial groups involved in an 
orderly succession, determined by nutrient type and 
availability. 
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SECTION 4: BACTERIAL POPULATIONS AND HETEROTROPHIC ACTIVITY 
ASSOCIATED WITH FRONTAL SYSTEMS IN · THE BENGUELA 
REGION. 
4.1 General Introduction 
The southern portion of the Benguela region is an area 
of great hydrological complexity. characterised by the 
convergence of the Agulhas current and south Atlantic 
surface Water ~ith upwelled South Atlantic Central Water. 
During the summer months. the persistence of offshore 
south - easterly winds and consequent active upwelling 
leads to the formation of a relatively stable oceanic 
fro.nt which extends from Cape Agulhas (35°S) to Cape 
Columbine (33°S) (fig.l). The exact position and 
hydrological characteristics of the front varies 
considerably. depending largely on prevailing wind 
patterns. but in general the thermal front follows the 
shelf break from Cape Columbine to Cape Point. The 
intensity of the front is variable: although it is 
usually present at around 1°C per nautical mile. it may 
intensify to a gradient of several degrees over a few 
hundred metres. Maximum gradients usually occur from 
mid-summer to mid-autumn. when the thermal front is 
enhanced by convergence of the cold upwelled water with 
warm oceanic water. but the surface features of the 
front alter rapidly when the south easterly winds drop 
or onshore winds commence. and oceanic waters move 
inshore or flood over and mix with the upwelled water. 
(Andrews and Hutchings. 1980; Lutjeharms. 1981; 
Hutchings et al. 1984. 1985; Shannon. 1985b). 
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The surface waters offshore of the front are derived 
from south Atlantic surface Water. Agulhas current water 
or Agulhas Bank Water (Hutchings et al.. 1985). In 
general these are poor in nutrients and carry a low 
biomass of phytoplankton and zooplankton. Newly 
upwelled water on the other hand. while presenting a low 





P04 • Although low in D.o.c. and P.O.C. at source. by 
the time the upwelled water has passed through inshore 
regions such as the kelp-beds. it may also carry a high 
D.O. C. and P .0. c. load derived from the inshore 
macrophytes and benthic sediments. 
once advected to the surface. such upwelled water is 
subject to blooms of phytoplankton. bacteria and 
zooplankton. which rapidly deplete the nutrients (see 
Sections 2. 3). As a re~ult. aged upwelled water 
abutting on the front is frequently nutrient poor and 
the front is seldom marked by distinct nutriclines. 
although marked changes in phytoplankton. zooplankton 
and ichthyoplankton may be noted across it (Hutchings et 
al.. 1985). 
The frontal system is an area of convergence. marked by 
strong salinity and temperature gradients. These 
generate conditions of varying stability. best described 
in terms ofJ values. an expression of water density 
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independent of pressure but dependant on the effects of 
temperature and salinity. Usually, two zones of 
relative stability occur: the pycnocline, at which 
there are rapid vertical changes in at values; and 
the front, in which rapid horizontal changes in t 
arise. 
several authors (Owen, 1981; Dunson and Ehlert, 1971) 
suggest that the primary biological effect of the front 
and the pycnocline lies in their provision of an area of 
relative stability, at which accumulative processes- take 
place. However, since the pycnocline also marks a 
barrier between nutrient rich bottom and nutrient poor 
surface water, periods of instability in this boundary 
layer are necessary to maintain biological activity, 
since prolonged periods of stability lead to the dep-
let ion of nutrients (Eppley et al., 1973; Eppley and 
Peterson, 1979; Legendre, 1981) and the sinking from, 
the euphotic zone of phytoplankton cells (Eppley et 
al., 1967; Loder and Platt, 1985). In such instances, 
the-re are indications that centres of biological 
activity shift from the shallower water to the 
pycnocline and that biological activity changes from a 
system dominated by photosynthetic processe~ to one 
centred on the remineralisation of particulate organic 
matter (Painting et al., 1985; Lucas, 1985). 
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The alternative situation. where extensive and 
continuous mixing occurs. wi 11 also result in lowered 
biological activity, since phytoplankton cells fail to 
spend an optimum period of time in the euphotic zone 
(Loder and Platt. 1985). Enhanced biological activity 
at the front may arise fcom the steep or vertical 
stratification. which offers an optimum balance between 
mixing. and stability (Owen. 1981) as well as acting as 
an area of physical accumulation of particles and 
biomass (Floodgate et al .• 1981: 
owen. 1981). 
Lutjeharms. 1981: 
The biological features of fronts have been extensively 
investigated. Differences between water masses on 
either side of the front. and between surface and bottom 
waters may be so great as to suggest that they 
constitute separate ecosystems. Fogg et ll· (198Sa. b) 
working in the Irish Sea on a tidally mixed front. 
showed that water masses associated with the front could 
be statistically distinguished on the basis of both 
physical and biological characteristics. Similarly. 
Holligan et al. (1984 a. b) note that each of the three 
water masses associated with the Ushant Front had a 
characteristic phytoplankton community associated with 
it. 
166 
In tidally mixed frontal systems. such as the West 
English Channel. the West Irish Sea and the Celtic Sea. 
it has been shown that phytoplankton activity was 
limited on the horizontally stratified side of the front 
by sinking of the phytoplankton cells to th& pycnocline. 
at which depth photosynthesis was light limited. while 
at the front itself. vertical stratification led to the 
localisation of cells within the euphotic zone. 
resulting in elevated levels of photosynthesis (Fogg et 
al.. 1985b; Turley and Lochte. 1985; Halligan et al.. 
1984b). Indeed. elevated levels of Chl a are often 
considered to be characteristic of frontal zones and have 
been described for European (Pingree et al .• 1974. 1977; 
Savidge. 1976; Savidge and Foster. 1978). South African 
(Andrews and Hutchings. 1980; Hutchings et al.. 1984, 
1985) and Pacific waters (Eppley et al .• 1973). 
The associations between heterotrophic bacterial 
activity and photosynthesis are now well established 
(Cole et al.. 1982; Joint and Pomroy. 1982; Lance lot. 
1979. 1984; Riemann et al.. 1984; Lucas et al.. 1985) 
and appear to be most closely linked to photosynth-
etically derived dissolved organic carbon (P.D.o.c.) in 
the euphotic zone (see Sections 2. 3). Furthermore. the 
close association between bacteria and particulate 
organic matter is also well established; as the front 
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is often an area of elevated levels of both photo-
synthesis and particle accumulation (Hutchings et al.. 
1985). bacterial numbers. biomass and~ activity might 
reasonably be expected to be elevated at a front. 
In such a system. the inter-relationship of bacteria. 
phytoplankton. zooplankton and bactivory by ciliates and 
flagellates (Fenchel. 1982; Newell et g_l.. 1985; 
Lochte and Turley. 1985) might contribute significantly 
to the recycling of nutrients and even in fronts showing 
poor 
thus 
nutriclines. significant plankton communities may 
be maintained (Linley et al.. 1983; Holligan e't 
1984b; Hutchings et al .• 1985; Probyn. 1985). 
Some controversy surrounds this question however. as 
there is evidence that bacteria may 'act as a carbon 
sink. and that recycling of bacterial carbon by flag-
ellate predation is restricted (Ducklow et g_l.. 1986). 
Floodgate ~ al. (1981) showed that at a front in 
Liverpool Bay. bacterial mineralisation of accumulated 
detritus led to increased nutrient levels which 
stimulated phytoplankton growth. and Hanson et al. 
(1983) and Hanson and Lowery (1985) showed that in the 
Southern Oceans horizontal distributions of microbial 
biomass corresponded to the position of the frontal zone 
in the Drake passage. with microbia 1 populations three 
times higher in this zone than in the adjacent oceanic 
waters. Furthermore. they showed that microbial biomass 
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and production were two to three times higher than in 
the adjacent waters. features which they attributed to 
both mixing (stratification) effects and mechanical 
accumulation of biomass. At the Ushant front in the 
English Channel, Holligan et al. (1984a) and Linley et 
al. ( 1983) have shown that heterotrophic bacteria 
comprise 10-30% of the standing stock, with the highest 
biomass of bacteria occurring in the euphotic zone of 
the front itself, with much lower levels occurring on 
either side of the front. This situation is not 
invariable, however; and enhanced biological effects, 
while associated with the frontal structure, may occur 
at some distance from the front itself. In a tidally 
mixed front, Lochte and Turley (1985) found that 
increased microbial activity was associated with 
stratified surface waters adjacent to the front although 
the highest cell specific uptake activity was noted at 
the front itself, while Pingree et al. (1974, 1977) 
recorded dinoflagellate blooms remote from a front but 
caused by release of nutrients from it. 




characteristics of the Benguela Oceanic front have been 
done (Andrews and Cram. 1969; Andrews and Hutchings 
1980, Hutchings et al .• 1984, 1985; Shannon, 1985a, b), 
some of which have shown marked changes across the 
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front. Strong gradients in Chl a are shown to occur 
(Andrews and Hutchings. 1980; Hutchings et al.. 1984. 
1985) as well as secondary peaks in N03 , Sio3 and 
Po4 • but there has been little evidence of enhanced 
zooplankton or microplankton standing stocks at the 
front itself, although substantial differences in the 
structure of the offshore and inshore populations do 
occur. The size of the inshore populations tends to be 
much higher. and the biota is limited to the inshore by 
the frontal features. Distributions may thus be comp-
res sed by an inshore flooding of warm oceanic water. 
Mesozooplankton stocks, however. appear to be very 
sensitive to frontal features. and marked enhancements 
of standing stock have been noted, particularly at 
upwelling fronts (Hutchings et al., 1985). Species 
composition of zooplankton communities does however 
change across the front. and distinct warm water. 
thermocline and cool water communities have been shown 
to occur (Hutchings. 1979). 
At present. no studies have been conducted on the effect 
of the front on bacterial populations of the Benguela 
current. This section presents the results of two 
investigations conducted in March, 1983 and December. 
1984. The first survey, conducted off the Cape 
Peninsula coast. served as a preliminary investigation 
of horizontal and vertical distribution of bacteria and 
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bacterial properties. relative to hydrological cond-
itions. The second. conducted off the coast at Cape 
Columbine. was a more intensive investigation examining 
the effect of changes in hydrological conditions on the 
heterotrophic bacterial populations. 
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SECTION 4.2: CHANGES IN BACTERIAL POPULATIONS AND 
ACTIVITY ALONG A TRANSECT CROSSING THE 
BENGUELA OCEANIC FRONT IN THE CAPE PENINSULA 
REGION 
4.2.1 Introduction 
The upwelling monitoring line (U.M.L.) surveyed during 
this cruise was established by the Sea Fisheries Research 
Institute, Cape Town, in 1970 and has been surveyed 45 
times to date. These surveys are necessarily brief, 
since they attempt to obtain an instanta picture of 
hydrographic conditions uninfiuenced by major changes in 
conditions during the survey. Previous surveys have 
provided information on the physical attributes, nutrient 
and Chl a concentrations, phytoplankton, zooplankton and 
ichthyoplankton community composition and dynamics. and 
explored changes in these parameters both spatially 
(along the U.M.L. and particularly at the frontal boun-
dary) and seasonally. (Andrews and Hutchings, 1980; 
Hutchings et al 1984, 1985; Olivieri et _tl .• 1985). 
The work described here was the first to provide informa-
tion on the bacterioplankton along the U.M.L. and at the 
frontal zone. 
4.2.2 Methods and Materials 
4.2.2.1 Sampling site and sampling procedure 
This survey was conducted in the summer of 1983 
(21.03.83) from the R.S. Africana. The Upwelling 
Monitoring Line (U.M.L.) consists of ten stations lying 
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off the West coast of the Cape Peninsula at distances of 
s.s. 13.5, 33.0, 52.0, 61.0, 80.0. 98.0 and 114.Skm 
respectively from the shore. The line initially runs in 
a North- Westerly direction (315°) but turns to the West 
( 295°) 60km offshore to cross the oceanic front. which 
usually 1 ies between 60km and 80k:m offshore (fig. l). 
The line thus approximates the direction taken by water 
upwelling off the Cape Peninsula (Hutchings et gJ., 
1984). 
At each station. continuous temperature and density 
(C.T.D.) profiles were recorded from the surface to the 
bottom of the water column. and water samples were 
obtained in 301. N. I. o. bottles on a rosette sampler. 
triggered at twelve depths determined by the 100%, SO%, 
25%, 1% and 0.1% light levels. and by the position of 
the pynocline and the bottom. These water samples were 
used for all nutrient and biological analyses described 
hereafter. 
4.2.2.2 Hydrology 
Hydrological features of the U.M.L. were determined from 
the C.T.D. profiles of salinity, temperature and density 
t 
( ()' ). Wind stress vectors have been previously 






for N03 , sio3 and 
through 25mm Whatman 
filters. The filtrate was stored frozen prior to 
analysis in the laboratory, which was carried out using 
a Technicon Nutrient Analyser following the methods of 
Mostert (1983). 
4.2.2.4 Chlorophyll a 
21 samples of seawater were filtered through 47mm 
Whatman GF/F filters at each sampling station. The 
filters were stored frozen (-4.o~c) prior to solvent 
extraction of Chl a, which was analysed spectre-
photometrically as described by Brown (1984). 
4.2.2.5 Bacterial Numbers and Biomass 
At each sampling station, 1om1 water samples were fixed 
with Analar glutaraldehyde (2.0% v.v final concen-
tration) and stored at 4°C in the dark until final 
analysis in the laboratory. A.O.D.C. and computation of 
total numbers and biomass was done following methods 
described in Sections 2.2.3 and 2.2.4. 
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4.2.2.6 Viable count and percentage plateability 
The viable count -1 . . (CFU.ml ) was determ~ned at stat~ons 
13.5. 33.0. 52.0. 80.0, 98.0 and 114.5km offshore. At 
each station. the viable count was determined from the 
100% and 25% light level. at the pycnocline and from 20m 
below the pycnocline. Quadruplicate 0.1 mi aliquots 
were plated onto 0.5% Pep-SWA plates (see Appendix). 
Plates were counted following methods described in 
Section 2.2.5. 
4.2.2.7 Characterization of bacterial populations 
The plateable bacterial populations at the 100% and 25% 
light levels and at the-pycnocline were characterised to 
generic level at stations 8 (80.0km). 9 (98.0km) and 10 
(114.5km). using the random colony selection method 
described in section 2. 
4.2.3 Results 
4.2.3.1 Wind 
The progressive wind stress vector diagram for the 
period 08.02.83 to 31.03.82 is shown in fig.34. Almost 
throughout this period. south-easterly winds prevailed. 
but immediately prior to sampling along the U.M.L. a 
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FIGURE 34: Progressive wind-stress vector diagram for the 
period 0 9/03/83 - 31/03/83. The P.M.L. was sampled on 
21/0 3/83. (From Hutchings ll u_., 198 4) • 
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4.2.3.2 Temperature 
Results of temperature sections are shown in fig.3Sa (to 
350m) and b (detail to 90m). These show that there was 
little thermal evidence of active upwelling, and that 
the cold (<ll.0°C) water normally associated with 
upwelling lay below 15m even at the inshore stations. 
With the exception of Station 10 (114.5km), all surface 
stations showed temperatures of Between 
stations 9 and 10 a pronounced thermal front occurred 
(15.0° 19.9°C in Skm) with vertical isothermals 
extending to a om depth. Inshore of this front, strat-
ification was not marked, nor was a pronounced 
thermocline anywhere evident. Between 25km and 75km 
offshore, a large patch of warmer ( >15. 4°C) water was 
evident, in the upper 5m of the water column, which gave 
rise to minor thermal fronts at its outer boundaries. 
This patch probably arose as a result of sunwarming. 
4.2.3.3 Salinity 
Results of salinity determinations are shown in fig.36. 
These show the complex interaction of at least 5 bodies 
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the monitoring line 
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Atlantic Central Water. At the inshore stations {up to 
21. Skm offshore). this water intruded to the surface. 
bounded by clear vertical isohalines to 60m depth in a 
pattern typical of upwelling water. Adjacent to this 
narrow area of upwelling water. a patch of higher 
salinity water extended to 98km offshore. to a depth of 
som. with a salinity of >34.86°/oo. forming a wedge 
shaped body of water. Contained within this body of 
water. at a distance of 70km offshore. was a small patch 
of low salinity water {<34.80°/oo) extending to 20m 
depth. identified as aged upwelled water. Since the 
general direction of flow of such water is north-
westerly. {Hutchings. 1984) this water probably 
originated far south down the Cape Peninsula. Adjacent 
to this low salinity water was a second plume of more 
recently upwelled water { <34. 90° /oo) probably 
originating closer to the site of the U.M.L. 
Between stations 9 and 10 a pronounced salinity front 
occurred. corresponding to the position of the thermal 
front and marking the convergence of the high salinity 
oceanic water (>35.0°/oo) with the lower salinity 
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A subsurface tongue of high salinity water (35.0%) 
occurred at a depth of 30m between Station 8 (80.0km) 
and 9 (98km). This was either a subsurface intrusion of 
oceanic water resulting from the wind reversal or, more 
likely, an intrusion of Agulhas Bank Water which had 
been conducted North into the Benguela system during the 
persistent 
occurred. 
south east winds which had previously 
4.2.3.4 Density 
The at profiles (fig.37) corresponded very closely to 
the temperature profiles, again ~hawing a marked front 
between station 9 and 10. In general the pycnocline was 
not distinct, but stratification was fairly intense at 
stations closer inshore than 70km. Strong downturns of 
the isopycnels occurred at the front itself and at 
station 2 (13.Skm) and 4 (33,0km). These ·suggest that 
vertical water movement occurred at the front itself, 
and at station 4 on the offshore side of the upwelling 
plume. 
4. 2. 3. s Nutrients· 
Nutrient profiles for and are 
presented in figs 38, 39 and 40. In general, these show 
an increase in nutrient concentration with depth, and a 
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FIGURE 38: Profile of N03-N isopleths 











Profile of P0 4 isopleths 
-1 <pg at.l ) along the 
Profile of sio3 isopleths <pg at.l-
1 ) along the 
decrease in concentration with increasing distance from 
the shore. The deep South Atlantic Central Water was 
particularly rich (>20.0pg at 
and recently 
-1 N03 -N .1 ) 
upwelled 
water close to the coast was correspondingly high in 
nutrients as described by Andrews and Hutchings ( 1980). 
Barlow, (1982a, b) and Shannon (1985b). 
Oceanic waters were low in nutrients. although in this 
case. neither the N03 concentration (1-2pg at ' 
N0 3-N.1- 1 ) nor the P04 concentration ( 0.2pg at 
.1 -1) could be considered limiting to phytoplankton 
growth (Barlow. 1984). These are not the only limiting 
nutrients however. and impoverishment of micronutrients 
not measured here may play an important role in limiting 
phytoplankton growth (Brown. 1982). 
4.2.3.6 Chlorophyll a 
Profiles of Chl a distribution are presented in fig. 41, 
and horizontal distributions at specified depths in 
fig. 44. Chl a ~~concentrations throughout the U. M. L. were 
low (<10.0mg.m- 3 ) although within the range (1.0 
-3 2o.omg.m ) given for this area by Andrews and 
Hutchings (1980) (fig.41). Areas sharing concentrations 
-3 >1.0mg.m were largely limited to the euphotic zone 




the distribution of water of salinity 
suggesting that they were limited to 
upwelled waters. The highest concentration of Chl a 
-3 . . (9.53mg.m ) was present at the f1rst stat1on, (S.Skm) 
where upwelling had recently taken place. A second 
patch of high Chl a concentration -3 (>4.0 mg.m ) was 
present to 10m depth between 40km and 65 km offshore. 
that is between the centres of the two aged upwelling 
plumes previously described. A third bloom, of a much 
-3 smaller Chl a concentration (1.07 - 1.19 mg.m ) 
occurred on the oceanic side as a subsurface maximum 
extending between lSm and 42m depth. 
4.2.3.7 Bacterial numbers and biomass 
The distributions of bacterial numbers and biomass are 
presented in figs 42 and 43. overall, numbers and 
biomass of bacteria tended to decrease with depth, with 
a slight increase frequently occurring at the pycno-
cline. Above the pycnocline. numbers tended to exceed 
106 -1 . 1 106 1.0 x cells.ml • falllng as ow as 0.29 x 
cells.ml-l below the pycnocline. Above 30m depth, the 
distribution was patchy and some samples with high cell 
densities were present. A small patch (>4.0 x 106 
cells.ml-l) occurred at Station 1. but this was not 
reflected in an increase in biomass. since the bulk of 
these cells were small cocci. This suggests that the 
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FIGURE 41: Profile of the distribution of chlorophyll a (mg. 
m-3 ) along the U.M.L. 
FIGURE 42: Profile of the numerical distribution of 
bacteria (cells x 106 .m1-1 ) along the U.M.L. 
FIGURE 43: Profile of the distribution of bacterial biomass 
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Changes in the horizontal distribution of Chla 
and bacterial biomass (pg C.l-l - • ) at 
specified depths along the U.M.L. 
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population was of recently upwelled origin. At the 
surface. both numbers and biomass tended. to be similar 
up to Station 5. but a large patch broke surface at 
Station 6, extending through the subsurface waters to 5m 
at Station 4 and to the surface at Station 9. The outer 
boundary of this patch lay against the front and it is 
interesting to note that in this region it penetrated to 
50m depth. A close correspondence was noted between the 
distribution of this patch and the course of the 15.0°C 
isotherm (fig.35) suggesting that in the region of the 
front. downwelling had affected the bacterial dist-
ribution. A graph of biomass along specific depth 
transects clearly denonstrates the presence of the 
patches at the central stations and at Station 9. to a 
depth of 50m (fig 44). 
overall. a correlation was noted between the biomass of 
bacteria and the concentration of Chl a (a = 1. 60, b = 
11.56, r = 0.34, p>.001 <.01 for the equation y = ax + 
b. where y 
concentration 
= biomass 
-1 ( llgC. 1 ) X 
-3 (mg.m: )). but this was not 
= Chl a 
invariable. 
and it is interesting to note that in some areas of high 
Chl a. (such as Station 7. Station 5 and Station 1) 
bacterial numbers and biomass were low (fig.44). 
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4.2.3.8 Viable count and percentage plateability 
Results of analyses of viable count (C.F.U. ml- 1 ) and 
%P are presented in figs 45a 
the viable 
and b. Throughout the 
and percentage transect. both count 
plateability were low. This is a common feature of 
marine waters as noted in Section 2. Above the pycno-
cline. there was a marked increase in the viable count 
from Station 2 to Station 4, whereafter the viable count 
remained constant to Station 9. that is close to 1 x 
103cells.m1-1 . 
The \P showed a similar trend, ranging between 0. 01% -
0.04% for all supra-pycnocline stations inshore of 
Station 9. Between Station 9 and Station 10. however. 
there was a marked increase both in the viable count and 
the \P with \P, on the oceanic side of the front exceed-
ing l. 0%. Samples taken below the pycnocline differed 
slightly from those above, showing a lower viable count 
up to Station 6, although the %P was slightly higher. 
These samples also showed an increase in \P from Station 
6 to Station 10, unlike the supra-pycnocline samples 





















c( "' w -> ... 
"' ..I Q,. 
~ 
1~ I l I i 1 I I I 
STATION NUMBER STATION NUMBER 
FIGURE 45: Changes in the viable count (CFU.ml-1 ) and percentage plateability 
with distance from the shore, assessed at the 100% 1.1. <-----> 25% 1.1. (-o-) on 
the pycnocline (~) and below the pycnocline (-.-). (Fig, 45a: Viable count. 




4.2.3.9 Generic distribution of plateable strains 
On the basis of fermentation, motility, chromogenic, 
oxidase and catalase characteristics. plateable strains 
were assigned to one of five broad generic groupings at 
the three stations adjacent to or on the front (fig.47). 
The plateable populations inshore of the front (Stations 
8 and 9) were very similar to one another. and the 5 
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At station 10, however, the plateable population was 
quite different, and at all depths tested, Pseudomonas 
strains dominated the population, the other 4 genera 
being poorly represented or entirely absent, as shown by 
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genera in the 
plateable population at stations on, or adjacent to the 
front, at specified depths. 
4.2.4 Discussion 
The west coast of the Cape Peninsula is characterised by 
periodic upwellings of south Atlantic Central Water. 
which introduce nutrient rich waters to the surface 
(Andrews and Hutchings .1980). Such upwellings are 
produced by persistent south-easterly winds. During the 
period immediately prior to this survey. south-easterly 
winds blew for a period of 7 days (fig.34). Immediately 
prior to the survey a wind reversal occur red causing a 
relaxation of upwelling conditions. Nonetheless. 
coastal downwelling did not occur. and a body of 
recently upwelled waters was present (fig.36) ident-
ifiable by its low salinity (<34.8°/oo) 
concentration (>10pg at N03-N. ~-
1 ). 
and high N03 
limited to 
the coastal stations (within 20km) by the shoreward 
movement of waters further offshore. This body of water 
had already been sunwarmed to 15°C so that no thermal 
upwelling front occurred. Within this column of 
recently upwelled water. an early phytoplankton bloom 
was detected. While Chl a concentrations here were 
higher than elsewhere on the transect -3 (>4.0mg.m ) 
they were not as high as would be expected of a bloom in 
late log or stationary phase Brown and Hutchings 
(1985) record Chl a levels of up to 250mg.m- 3 at other 
times along the same U.M.L. In addition. the high 
nutrient levels suggest that little biological activity 
had yet taken place here (Barlow. 1982a. b). 
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A correlation was noted between Chl a levels (and hence. 
phytoplankton biomass) and bacterial biomass. This was 
not spatially invariable however, and appeared to depend 
on the physical and hydrographic characteristics of the 
water column as well as on the physiological state of 
the phytoplankton blooms. For example. in the recently 
upwelled. coastal water. although Chl a concentrations 
were high. bacterial numbers and biomass were no higher 
than elsewhere in the surface waters and the plateab-
ility was low. suggesting that the bacterial population 
was in early log phase. or still adapting from the 
nutrient starved conditions prevailing in the source 
waters. As discussed elsewhere (Section 3) bacterial 
numbers. biomass.,. plateability and activity tend to 
lag behind phytoplankton bloom development. and a 
similar effect has been noted by Lochte and Turley 
(1985). 
Between 20 and lOOkm offshore the water column was 
characterised by the interaction of 2 major water bodies 
which could be distinguished on the basis of their 
salinity (fig.36). The first had a high salinity 
(>34.90 · 0 /oo) and lay adjacent to the coastal upwelled 
water. and the second had a low salinity (<34.80 °/oo) 
and lay between 60 and 90km offshore. No distinction 
could be drawn between these bodies of water on the 
basis of nutrient chemistry or biological 
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characteristics and both are thought to have been aged 
upwelling plumes. Associated with them was an extensive 
phytoplankton 
concentrations 
bloom (fig.41) in 
exceeded -3 4.0mg.m . 
which Chl a 
The nutrient 
concentrations however were very low. suggesting that 
this was a senescent patch. Further confirmation of 
this is provided by the species composition data of 
Hutchings (1984) which show that the 
phytoplankton of this region was dominated by 
microflagellates characteristic of bloom senescence. 
Bacterial numbers and biomass were also high in this 
region (figs 42. 43) producing a distinct patch closely 
associated with the areas of high Chl a. Plateability 
was also low here. which would be expected in a sene-
scent bloom (see Sect ions 2 and 3) where high D. 0. c. 
levels no longer prevailed. 
It was evident that while the phytoplankton distribution 
was limited to areas of upwelled water. associated 
bacterial populations extended beyond these patches to a 
large extent. The phytoplankton patch at the central 
stations terminated at about BBkm offshore but the 
associated bacterial patch extended to llOkm. In this 
region. a prominent and well defined front occurred. 
marking the convergence of oceanic water and the inshore 
waters of upwelled origin. This produced marked down-
welling on the inshore face of the front. as evidenced 
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by the steep downturning of the nutrient isopleths (figs 
38-40). The patch of high bacterial numbers and biomass 
was influenced by this downwelling and high bacterial 
numbers and biomass were evident as deep as 40 - som as 
a result (fig. 42. 43). In addition there was evidence 
of accumulation of bacterial cells in this region. since 
distinct peaks are noted in the numbers and biomass 
present. relative to adjacent stations (figs 44). A 
slight increase in bacterial plateability in the surface 
water at Station 9 suggests that there may have been an 
increase in bacterial activity here but this was not 
marked. It must be noted. however. that there was no 
increase in the Chl a levels at the front. such as has 
been previously found (Hutchings et al. 1984, 1985). 
on the oceania side of the front nutrient concentrations 
were very low (figs 38-40). but a small patch of phyto-
plankton occurred in the subsurface waters ( 15 - 40m) 
(fig.41). While there was no increase in bacterial 
numbers or biomass associated with this patch. there was 
a marked increase in bacterial plateabili ty. suggesting 
an increase in bacterial activity. 
It was observed that the plateable bacterial population 
composition of the oceanic waters was quite different 
from that of the inshore waters adjacent to the front. 
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The oceanic population was 
obligately aerobic Pseudomonas 
composed mainly of 
strains, with very few 
Vibrio, Enterobacteriaceae, Acinetobacter or 
Cytophaqa/Flavobacterium isolates, which are major 
components of the inshore populations (fig. 46). It . has 
previously been noted, both in the present study 
(Section 3) and elsewhere (Martin, 1980; Fukami et al., 
1985 a, b) that a predominance of Pseudomonas strains is 
characteristic of bacterial bloom development. The 
results of Section 3 would suggest that this population 
had arisen in response to an increase in ambient 
nutrient resulting from the presence of the small 
phytoplankton bloom. There was, however, no con-
commitant increase in bacterial numbers or biomass. The 
oceanic bacterial population is possibly ~nherently 
different from that of the inshore stations both in 
terms of generic composition and response to nutrient 
availability. Thus, the increase in phytoplankton 
biomass and bacterial plateability at the front may have 
been the result of a response by a highly oligo-
trophically adapted population to the slight increase in 
nutrients across the frontal boundary. contrasted with 
the more eutrophic populations of the inshore region, 
which remained nutrient limited at the front. 
In summary. it can be said that high bacterial numbers 
and biomass were limited to ~reas above the pycnocline 
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and were closely related to phytoplankton distribution, 
which in turn was determined both by physical 
hydrological characteristics and the nutrient chemistry 
of the water column. While centred around such areas of 
high phytoplankton density, the bacterial populations 
did extend beyond them 'and there was evidence of 
accumulation of bacterial biomass both at the pycno-
cline and at the front. The front also marked the 
convergence of two distinct bacterial populations, the 
one presumably highly adapted to oligotrophic conditions 
and the other more eutrophically adapted. 
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SECTION 4.3: THE RESPONSE OF BACTERIAL POPULATIONS TO 
CHANGES IN FRONTAL STRUCTURES OF THE 
BENGUELA UPWELLING SYSTEM IN THE REGION OF 
CAPE COLUMBINE {32°48'S, l7°49'E) 
4.3.1 Introduction 
Whereas previous surveys of the frontal zone of the 
Benguela system have provided short-term and seasonal 
information on the physical and biological features of 
the Benguella oceanic front. little information is 
available of changes associated with variability in the 
structure of the front itself. surface features of the 
front in particular are extremely sensitive to changes 
in wind-stress and may vary within hours of a change in 
wind direction (Andrews and Hutchings. 1980; 
Lutjeharms. 1981; Hutchings et al .• 1985; Taunton-
Clark. 1985; Shannon. 1985b). 
In the work described here. a transect perpendicular to 
the orientation of the oceanic front in the region of 
Cape Columbine (32°42'S.17°49'E) was consecutively 
sampled 4 times over a period of 5 days. to assess 
spatial (both with -distance from the shore and with 
depth) and temporal changes in relation to changes in 
the frontal structure. 
4.3.2 Materials and methods 
4.3.2.1 Sampling procedure 
All sampling was conducted from the R.S. Africana on a 
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cruise lasting from 6 - 13 December 1984. A transect 
was established, starting 5.56km offshore (Station 1) of 
Cape Columbine with stations 
equidistantly placed at 5. 56km ( 3 nautical mile) inte-
rvals to a total distance of 116.76km offshore (fig.1). 
on the initial transect, a C.T.D. sampler was cast at 
each station, and a hydrographic profile was drawn which 
showed the presence of a front between stations 5 
(27.Bkm) and 6 (33.36km). Accordingly, subsequent 
passages of the transect were limited to 55.6km offshore 
(Station 10). 
The transect was sampled consecutively for a further 3 
legs, using the same sampling stations on each leg. At 
each station, a C.T.D. cast was initially done to 
determine the hydrological features and water samples 
were taken at depths determined on the basis of the 
hydrological conditions in 30!!. N. I.O. bottles fixed to 
a rosette sampler. 
4.3.2.2 Nutrients and Chl a 
P04 and Chl a concentrations were 
determined using the same methods described in Section 
2.2.2 
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4.3.2.3 Bacterial numbers and biomass 
Bacterial numbers and biomass were determined usinq the 
same methods described in Section 2.2.4. 
4.3.2.4 Bacterial plateability 
O.lml aliquots of water from om. 10m. 20m. sam. and 70 -
lOOm depth were plated in triplicate_ onto 0.1% Pep-SWA 
were appendix) on_the fourth leq of the transect. and at 
each of the stations at which heterotrophic uptake 
activity was determined (see Section 4.3.2.5 below). In 
addition. plateabilities on 0.1% Pep-SWA were determined 
at various depths at Stn 3 (16.68km) on each of leqs 2. 
3 and 4. Viable counts and %P were determined followinq 
the methods described in section 2.2.5. 
4.3.2.5 Heterotrophic uptake activity 
14c universally labelled qlucose and qlutamic acid 
(Amersham) were used as radi.otracers to determine the 
heterotrophic uptake activity. Glucose is commonly 
used as an experimental substrate (Meyer-Rei 1 et al .• 
1979; Bolter. 1981; Gocke et al .• 1977. 1983; Lochte. 
1985) since it is the major dissolved free carbohydrate 
associated with phytoplankton (Liebezeit et al. 1980; 
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Ittekot . .e..t al. 1981), but dissolved amino acids are also 
important labile substances associated with 
phytoplankton blooms (Liebezeit, et a lor 1980) and are 
readily taken up by bacterioplankton (Dawson and Gocke. 
1978). Uptake parameters vmax and vmax/B) 
were determined at Stations 55. 6km offshore (leg 4) and 
at 16.68km on legs 2 and 3. that is. in oceanic water 
and in inshore water before and during frontal 
development. In each case. uptake parameters were 
determined for populations 10m above the pycnocline and 
at least 15m below the pycnocline using methods des-
cribed by Wright and Hobbie ( 1966). Wright ( 1978). and 
Hoppe (1978). 25ml samples were incubated in sterile 
glass containers maintained (shaking) at the temperature 
from which they originated. 
These water samples were prefiltered through Whatman 
GF/C filters. and inoculated with the following final 
concentrations of substrate: glucose -1 = 7nmol. 1 . 
-1 sonmol.l • 
acid = 
200nmo1.1- 1 . 
100nmo1.1-1 • 
-1 9nmol.l • 
zoonmol.l- 1 : glutamic 
sonmo1.1- 1 • 100nmo1.1- 1 • 
2ml subsamples were taken at the time of 
inoculation. then at o. S and 1 hour. and thereafter at 
hourly intervals for a further 5 hours. The reaction 
was stopped by filtering through 0.22lJm Gelman 
Nitrocellulose filters which were then rinsed with 
o.I'mmol.l- 1 of the appropriate substrate in sterile 
200 
filtered seawater. Filters were dried on a warming 
plate and stored at -4°C until they were counted. For 
counting, filters were covered with Sml of Instagel 
Scintillation fluid and counted in a Packard Tricarb 
Liquid Scintillation Counter. 
Uptake rates were determined from linear regression 
estimations of the linear portions of uptake curves. and 
Km and ~ax statistics were determined using double 
reciprocal plots of V and s as described by Lineweaver 
et ll· (1934). ~ax/B (specific heterotrophic 
potential) was determined by reference to total biomass 
for the appropriate stations. according to the methods 
of Wright {1978), and Simon (1985). 
In addition to determination of the uptake kinetic 
parameters. the rates of uptake of very low 
( <10nmol. 1-1 ) substrate concentrations of glucose and 
glutamic acid were determined at stations 10 (leg 4), 7, 
(leg 4) s (leg 2) and 3 (leg 2 and 3). As before, 
uptakes by populations above and below the thermocline 
were determined for 6 hours 
concentration) glucose and 
concentration) glutamic acid. 
. -1 us 1.ng 7·. o nmo 1. 1 
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FIGURE 47: Wind stress vectors at Cape Columbine. (fu.... 
.Jla: Progressive wind stress vector for the period 01/11/84 
- 31/12/84. Fig. 47b: Wind stress vectors computed from 




Win~ stress data are presented as progressive wind stress 
vectors (fig.47a) for the period November - December 
1984, and as daily vectors computed from shipboard data 
(fig.47b) for the duration of the cruise. These show 
that southerly winds (<lOkm.h- 1 ) dominated the period 
prior to the cruise with only a mild reversal immediately 
before the survey started. Wind relaxations took place 
on 09/12/84 and 12/12/84. Prior to the start of the 
cruise· winds were fairly stronq and probably produced 
-1 upswelling. but velocities were low (<lOkm.h ) during 
the cruise. 
4.3.3.2 Temperature 
An initial transect (leg 1. fig.48a) showed no thermal 
evidence of upwelling. Water of l5°C was present at all 
stations inshore of Station 4 (22.24km). underlain by 
cooler waters. but with no distinct thermocline. Cold 
(<ll.0°C) water occurred at a depth of 18m or more. even 
at, the coastal station. warm (>l7°C) water of oceanic 
origin occurred at 30.58km offshore. creating a 
prominent thermal front between stations 4 and 7 with 
steep isotherms penetrating to depths of 25m - 30m, in 
203 
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FIGURE 48: Profiles of temperature isotherms (OC) for the Cape Columbine 
frontal transect. (Fig. 48a: leg 1. Fig I 48b: leg 2. Fig. 48c: leg 3. 






surface temperature change was about 
While stratification was weak on the 
side of the front, it was more marked on the oceanic 
side with a deep thermocline at 40m - sam depth. 
On second passage (leg 2 - fig. 48b) stratification was 
maintained at stations offshore of the front, but was 
less marked at the inshore stations. Sunwarming had 
caused the depression of the weak inshore thermocline to 
60m depth at Stations 5 and 4 but the thermal front, 
though weakened, was maintained between station 5 and 7. 
On third passage, a large body of warm (>l8°C) water of 
oceanic origin had been introduced into the central 
waters between 25.58km and 32.00km offshore. This 
resulted in the formation of a new front lying between 
18.00km and 25.00km offshore, with vertical isotherms 
extending to 25m depth. The oceanic water (temperature 
>7°C) previously noted was maintained in much the same 
position as before however (fig.48c). 
on fourth passage, the patch of warm oceanic water had 
moved out of the central waters, and a weak front ( 2°C 
in 6km) had again formed between 30. OOkm and 37. OOkm 
offshore. The thermal structure of the front had been 
205 
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considerably weakened by extensive sunwarming of the 
waters inshore of it. but vertical isotherms at the front 
extended to 3 Sm depth. sunwarming of the waters inshore 
of the front had resulted in marked stratification 
although no prominent thermocline was present (fig.48d). 
4.3.3.3 Salinity 
on first passage. a large body of low salinity 
(<35.0°/oo) water was present at stations inshore of 
25.00km (fig.49a). extending from below 130m depth to the 
surface in a manner typical of that of upwelled water. 
Offshore of Station 6 lay a body of oceanic water of 
salinity >35.4°/oo: as a result. a prominent salinity 
front was present. with vertical isohalines extending 
between 45m to 130m depth. between stations 4 and 6. 
Offshore of this front. isohalines were horizontal. 
producing a weak halocline between 35m and 65m depth. 
During the second passage (leg 2- fig.49b) the coastal 
body of upwelled water. still bounded by a prominent 
salinity front. was somewhat reduced in extent. now lying 
closer than 20.00km inshore. This was evidently effected 
by the shoreward movement of the central waters which also 
undercut the upwelled water at 10m - 20m depth. producing 
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FIG ORE 4 9: Profiles of salinity isohalines ( 0 /oo) for the Cape Columbine 
frontal transect. (fig. 4 9a: leg 1. Fig •. 4 9b: leg· 2. Fig. · 4 9c: 'leg 3. 




11. OOkm and 20. OOkm offshore. A second salinity front. 
coinciding with the thermal front. lay between 32. OOkm 
and 40.00km offshore. marking the convergence of the 
oceanic waters with the central water. It is suggested 
that this separation of the salinity fronts and the 
.compression of the inshore body of upwelled water was 
the result of the approach of the patch of oceanic water 
visible during the third passage (leg 3 - fig.49c). With 
the subsequent movement of this body of water out of the 
area. augmented by relaxation of the onshore winds. the 
surface waters above 40m flooded back offshore. as shown 
by the flexure of the vertical isohalines on leg 4 (fig. 
49d). At completion of the survey. no prominent salinity 
front was present. and only a weak halocline was present 
from 33.00km offshore at a depth of 30m to 60m. 
4.3.3.4 Density (at) 
Since the at value is dependant upon both salinity and 
temperature. it reflects the interaction of these two 
parameters. Areas with closely spaced isopycnels are 
assumed to be relatively more stable than those without. 
Despite the fact that prominent thermoclines and halo-
clines were not a feature of any of the transects. a 
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fiGURE 50: Profiles of density (at) isopycnels for the Cape Columbine frontal 
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fig. soa) showed a prominent pycnocline inshore of l6km, 
at a depth of 6m to 30m. Further offshore, it was 
discernable but considerably weaker. The therma 1 and 
salinity fronts previously discussed (figs 48, 4 9) 
resulted in the production of vertical isopycnels in a 
fairly prominent offshore front ( 27. 80km - 3 3. 3 6km) at 
the convergence of the oceanic water ( at< 2 5. 7) with 
the central waters ( u t> 25.9). The convergence of 
upwelled coastal water ( at = 26.1) with these central 
waters resulted in a complex and weak secondary front 
between 6. OOkm and 16. OOkm offshore. The second 
transect (leg 2 fig. SOb) showed a strengthening of 
the at front 3 3. OOkm - 39. OOkm offshore with vertical 
isopycnels to 20m depth. The 2° upwelling front was 
maintained but considerably weakened as evidenced by 
the complex isopycnel distribution inshore of it, which 
suggested extensive mixing above the pycnocline inshore 
of l6km. With the introduction into the central waters 
of low density ( at<25. 6) oceanic waters and develop-
ment of a thermal front coincident with the salinity 
front between l7.79km and 23.3Skm offshore, a prominent 
and deep (25m) at front formed in this region 
(fig.SOc). Below it, a well developed pycnocline was 
established at 15m to 30m depth. Inshore of this front 
and above the pycnocline, mixing appeared ~xtensive, 
probably as a result of the frontal movement and 
sunwarming of the waters. 
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With the movement out of the central waters of the 
oceanic water mass (fig. SOd) the front reformed between 
29. OOkm and 35. OOkm offshore. Extensive sunwarming of 
the waters inshore of this led to the development of 
dense stratification above a pycnocline ranging in depth 
from Sm to 15m. Offshore of the front. which extended 
to 40m depth. the pycnocline lay much deeper. between 
20m and 35m. 
4.3.3.5 Nitrate 
Profiles of N03 distribution are shown in figs Sla-c. 
Throughout the survey there was a strong association 
between the distribution of N03 through the water 
column and the density (at) structure. The major 
source of N03 to the surface waters arises through 
upwelling of N03 rich South Atlantic central Water. 
The persistance of highly stratified conditions tends to 
lead to impoverishment of the surface waters as 
nutrients are utilised by biological activity. There 
was a marked increase in N03 concentrations with 
depth. Low surface values ( <1. Opg at 
were initially noted at surface stations inshore of 
2l.OOkm. but in the waters above the pycnocline at the 
central stations (25.00km- 35.00km). N03 values were 
highe;: (>2.0pg at The position of_, 
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in the N03 values although the oceanic concentrations 
were above limiting levels at 
(fig. 51a). 
With the movement of a body of oceanic water into the 
central surface water stations, surface N03 levels 
were observed to fall at 
(fig.S1b), but the resultant formation of a front 
between 17. 7Bkm and 23. 35km caused extensive mixing of 
the inshore waters to a depth of 30m (fig. 51b), with a 
resultant increase in the N03 levels to >l.O~g at 
-1 N03-N.l • particularly in the sur~ace waters. In 
the offshore 
fall below 
waters. the No3 levels 
-1 N03-N.1 to 
were observed to 
depths of 20m. 
They remained below limiting levels for the duration of 
the survey. 
With the formation of the front between 29.00km and 
35.00km offshore (fig.SOd) extensive mixing of No3 
rich and poor water was observed to occur adjacent to it 
(fig.S1c) particularly between 22km and 2Bkm offshore, 
to a depth of 35m. 
In summary, it was observed that N03 concentrations in 
waters above the pycnocline were low, probably due to 
biological activity, but that even in the absence of 
active upwelling, the presence of a marked front led 
213 
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to some vertical mixing. which appeared to maintain 
localised N03 concentrations above limiting levels. 
4.3.3.6 Nitrite 
Profiles of nitrite distribution are presented in 
figures 52a c. surface distributions of No2 were 
very similar to those of N03 (figs Sla - c) and in 
general were very low above the pycnocline ( <0 .lvg at I 
There was a marked increase in N02 
concentration with depth, and a prominent No2 maximum, 
probably arising due to bacterial respiration of N03 
by N03 reduction, was perennially present between 35m 
and lOOm depth. Within this maximum. 
concentrations were up to twice those of the surrounding , 
waters. Above 15m, No2. levels remained below o .l}tg at 
-1 . No2-N.l at all stat1ons greater than that 39km 
offshore. but inshore of this. fluctuations in N02 
levels above the pycnocline were observed to occur. and 
the presence and changing position of the front resulted 
in mixing and elevation of N02 levels above 0 .l)Lg at 
-1 N02-N.l in a similar manner to that described for 
4.3.3.7 Phosphate 
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-1 N02-N.l ) 
the Cape Columbine frontal transect • (Fig I 52 a: leg 
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FIGURE 53: Profiles of P0 4 
isopleths <rg at.l-l) for the 
Cape Columbine frontal transect. (Fig. 53a: leg 2. 
leg 3. Fig. 53c: leg 4) • 
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presented in figs 53a-c. There was again a close corre-
lation between the P04 distribution and the density 
structure, and highest concentrations were 
recorded in the South Atlantic Central Water, with 
maximum values above the bottom sediments. Initially 
(leg 2 - fig.S3a) a clear nutrient front coincided with 
the position of the 
nutriclines marking the 
offshore waters (<0.4pg 
cl front, 
boundary 







central water -1 at.1 }, with nutrient rich 
waters in this region extending to 40m depth. ·.Inshore 
of 20km and closely associated with the salinity front 
which was produced by the recently upwelled water, the P04 
. -1 concentrat1ons were low (<O.Spg at.1 }, probably as 
a result of biological activity in this area, and again 
a nutrient front arose coinciding with the position of 
the secondary upwelling front. 
With the introduction into the central waters of low 
nutrient oceanic water (fig. 53 b) the PO 4 concentration 
of the central waters above the pycnocline dropped, but 
inshore of the newly formed front, the concentration of 
P04 was maintained, falling rapidly once the front had 
reformed further offshore and stratification again marked 
the inshore waters. With the formation of the front 
29.00km to 35.00km offshore, a localised patch with 
217 
elevated P04 levels was again observed at the inshore 
face of the front (fig.S3c) strongly suggestive of deep 
mixing at the frontal face. 
4.3.3.8 Particle distribution 
Particle distribution profiles are shown in figs 54a-c. 
In general particle concentrations decreased with depth 
and increasing distance from the shore. but the 
distribution was patchy. Initially (leg 2 - fig.S4a) a 
large. discrete patch (5.0 X 
extending to 20m depth was associated with the 2° 
upwelling front in this region. This patch was maintained 
through leg 3 (fig.54b) being compressed and deepened by 
the advent of the front at Station .3. Behind the front. 
the interposition of oceanic water had a low total 
particle volume (2.0 X 6 3 -1 10 l!m. ml ). With the 
disappearance of this tongue of oceanic water and the 
movement of the front further offshore. the particle patch 
was broken up and distributed through the deeper waters of 
the central stations (fig. 54c). A second patch was 
observed to develop at the coastal station to a depth of 






















DISTANCE OFFSHORE (km) 
55.60 50.04 44.48 38.92 33.38 27.80 22.24 16.88 
8 









............ ............. ············· ............................ .............. ............... ................ ················ ................. .................·················· .................. ··················· ··················· ···················· ··················· ···················· ···················· 
11~------------------------------------------~~·~··-···-··-··-··-··-··-··~·· 
FIGURE 54: Profiles of the distribution of P.O.M. (fm3.m-3 ) 
for the Cape Columbine frontal transect. (Fig. 5 4a: leg 2. 
Fig. 54b: 1 eg 3. Fig. 5 4c: 1 eg 4) • ) 
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4.3.3.9 Chlorophyll a 
Chl a distribution profiles are shown in figs 55a-c. and 
concentrations at specific depths along the transect lines 
are shown in figs.58 - 60. 
The distribution of Chl a remained relatively stable 
throughout the survey. Concentrations above -3 1mg.m 
were limited to waters of upwelled origin, while oceanic 
waters 
less 
beyond 38. 92km offshore had Chl 




-3 0.001mg.m . 
Initially (leg 2 
thermal front 
showed concentrations of less than 
figs 5Sa. 58) the position of the· 
marked the outer boundary of the 
>1.0mg.m- 3 Chl a distribution 37.00km offshore. At this 
point highest Chl a values were recorded inshore of 
16.70km. with a patch of Chl a -3 >5.omg.m at the 
innermost station. extending to 30m depth and out to 
Station 3 (16.68km) at 15m depth. forming a subsurface Chl 
a maximum. The distribution of this patch was closely 
correlated with the distribution of the recently upwelled 
water identified at the inshore stations. but as the 
nutrient levels above the pycnocline were low. and those 
in the surface waters very low (figs 51- 53). this was 
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FIG ORE 55: _Profiles of the distribution of chlorophyll a 
(mg.m-3 ) for the Cape Columbine frontal transect. (Fig. SSa: 
leg 2. Fig I SSb: leg 3. Fig. SSe: 1 eg 4) • 
in the central waters lying between 23. OOkm and 35. OOkm 
offshore and extending from the surface to 25m depth. 
The introduction into the c~ntral waters of low nutrient, 
low Chl a oceanic water resulted in the disruption of the 
offshore phytoplankton bloom and a drop in Chl a concen-
trations at the central stations (fig.55b), with the bloom 
being compressed and deepened at Station 6 to a depth of 
35m. The formation of a front in the region of Station 3 
resulted in mixing of the subsurface Chl a maximum with 
surface waters and with deeper waters, raising the Chl a 
concentration in the region from the surface to 45m · 
depth. As a result a clear Chl a 
distinguishing the inshore waters (Chl a 
front arose 
-3 >3.0mq.m ) 
from the central waters in which 
fronts lay (Chl·a <l.5mg.m- 3 ). 
the thermal and t 
With the passage of the tongue of oceanic water from the 
central waters and the re-formation of the front between 
29. OOkm. and 3 5. OOkm offshore, extensive mixing followed by 
sunwarmed ·Stratification took place at the inshore 
stations. As a result, a high Chl a concentration was 
observed to arise at stations inshore of lO.OOkm to a 
depth of 22m, in which the Chl a concentration exceeded 
lOmg.m- 3 , rising as high as 25.l9mg.m- 3 . 
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The offshore bloom previously noted at Station 6 
(33. 33km) now covered a large area, extending from the 
surface at Stations 6 and 5 (where the surface Chl a 
-3 value was 6.18mg.m ) to 
-3 ( 5 . 9 3 mg . m ) • wh i 1 e a 11 
30m depth at Station 4 
stations inshore of 33km 
showed increased Chl a values above the pycnocline. 
The development of these blooms is also clearly demon-
strated in figs 58 - 60, showing the horizontal distri-
bution of Chl a at various depths. 
4.3.3.10 Numbers and biomass of bacteria 
Profiles of the numerical distribution of bacteria (cells 
x 106 .ml-1 ) are presented in figs 56a-c and those of 
bacterial biomass (pg.bacterial in figs 
57a-c. Horizontal distributions at specific depths are 
shown in figs 58 60, and selected vertical 
distribitions in relation to vertical physical and 
nutrient factors are shown in figs 6la-c. 
Throughout the survey numerical and biomass distribu-
tions were similar. In general there was a decrease in 
both numbers and biomass with depth, and the pycnocline 
marked a disjuncture in the vertical distribution, the 
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FIG ORE 56: Profiles of the numerical distribution- ot 
bacteria (cells x 10 6 .m1-1 ) for the Cape Columbine frontal 
transect. {Fig. 56a: leg 2. Fig 56b: leg 3. Fig. 56c: 
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Profiles of the distribution ot bacterial 
(Fig. 57 a: leg 2. Fig. 57b: leg 3. 
1 eg 4) • 
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marking the 0.5 X 10 6 .m1-1 distribution limit. 
particularly at the start of the survey (figs 56, 61). 
The distribution of both numbers and biomass above the 
pycnocline was unstable and patches were noted which 
rapidly changed position and size along the transect. 
The inshore face of the front was observed to· mark the 
biomass -1 >10. Ol!g c. 1 boundary so that. in the areas 
inshore of the front. movement of the front resulted in 
rapid compression and expansion of the biomass 
distribution. The area of the front itself was observed 
to have low population densities (numbers = 1.00 x 
106 .ml-1 • biomass = but densities 
in both the far offshore and inshore· areas were similar. 
leading to a bimodal horizontal distribution (figs sa. 
59, 60). 
High numbers ( 3.75 and biomass 
(JO.Ol!g C.l-1 ) of bacteria were initially recorded at 
16.68km offshore. forming a distinct patch corresponding 
rto the distribution of recently upwelled water and the 
phy~oplankton · bloom already described (figs ssa. 58). 
The overall bacterial distribution inshore of the front 
--, ..... 
bore a strong simUaci.:ty to the distribution of Chl a 
(fig.SS). Numbers and biomass of bacteria in the region 
of the front were low. but those of the oceanic waters 
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FIGURE 58: Horizontal distribution of bacterial biomass (-.-
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FIGURE 59: Horizontal distribution of bacterial biomass ( -e-
: pg -lc.l-1 ) and chlorophyll a ( ~111UU : mg.m- 3 ) at specified 
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FIGURE 60: Horizontal distribution of bacterial biomass (~ 
: pg C.l-1 } and chlorophyll a ( ~m~J : mg.m- 3 } at specified-
depths: leg 4. 
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FIGURE til: Vertical distribution of bacterial biomass (--<>-: rg C.l-l) and 
chlorophyll a ( m : mg.m- 3 ) in relation to changes in density ( -- :at) at 
inshore, oceanic and post-frontal stations. 
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The tongue of oceanic water which interposed in the 
central waters (fig.49c) had a low bacterial content 
(numbers· 
c. 1-1 ) and 
= 
the 
0.5 X 106 .m1- 1 • biomass 
resultant formation of a 
= 7.Spg 
thermal and 
at front 17.79km offshore (figs 48c) resulted in the 
compression and deepening of the inshore bacterial bloom 
to aom (fig.56b. 57b. 59). with the dispersion of the 
patch of high numbers and biomass previously noted. 
Within the front itself numbers a-nd biomass were low. 
but the offshore bacterial distribution expanded behind 
the front. now extending to within 32km of the . shore 
(fig.S9). 
The reformation of the front 29. oo - 35. OOkm offshore 
was accompanied by a marked change in the bacterial 
distributions.. At the inshore face of the front a large 
patch of high bacterial numbers ( 2.0 x 106 .m1-1 ) 
and biomass (20.0pg c.l-1 ) I formed. extending 
vertically to 60m depth. A secondary patch of increased 
numbers and biomass also formed at the inshore stations. 
probably in response to increased phytoplankton activity 
in this region. There was no marked drop in bacterial 
numbers and biomass at the front itself. although the 
horizontal distribution was still bimodal around the 
front. with onshore and offshore peaks on either sida of 
the front (figs 56c. 57c. 60). 
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A variety of factors appeared to affect the distribution 
of bacteria. On each of legs 2,3 and 4, a strong corre-
lation between bacterial abundance 
Chl a concentration (mg. m- 3 ) was shown to occur (Table 
























Table 9: Values for the correlation y = ax + b, where 
y = bacterial biomass (~g.bacterial C.l-l) 
x = Chl a concentration (mg.m-3) 
for legs 2, 3 and 4 of the cruise. 
The position of the front (and hence physical factors) 
appeared to exert a strong influence on bacterial 
distributions and in addition it was noted that particle 
density distributions (figs 5Sa-c) bore a strong 
similarity to the overall bacterial distribution, 
·particularly at stations inshore of the front. 
4.3.3.11 Plateability 
Bacterial pla teabil it ies, as %P at specific depths (om, 
10m, 20m, som, 70m). are shown in figs 62a-e. In addition, 
the %P at six depths for 3 consecutive vertical profiles 
(before, during and after frontal ·development) at Station 
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FIGURE 62: Changes in percentage 
plateability at 
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specified depths with distance from 
the shore, assessed on 0.1% Pep-SWA, 
showing the frontal salinity boundaries 







FIGURE 63: Changes in vertical distribution of percentage plateabil ity at 
Station 3, before (leg 2), during (leg 3) and after frontal development (leg 4). 
(~:leg 2. ~:leg 3.--mr- :leg 4)~ ~ ol:>. 
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Horizontal distribution of percentage pla teabili ties was 
bimodal at all depths tested. with centres of high 
plateability at stations inshore of 22km and at stations 
between 45 and 50km offshore. The outermost station 
(55.60km) had very low plateabilities ( 0.100%) above the 
pycnocline although the sub-pycnocline plateability was 
slightly higher (0.125%). The stations above the pycno-
cline in the central waters (22 39km) showed plate-
abilities intermediate between the very low oceanic levels 
and the high levels recorded at stations on either side. 
while plateabilities below the pycnocline were very low 
(0.050%). 
%P varied widely both horizontally and vertically and with 
time (fig.62. 63). In general. plateabilities were below 
1% and in many cases below o .1%. The vertical distri- . 
bution appears strongly linked to the position of the 
pycnocline. with an increase in plateability from the 
surface to the pycnocline and a drop in plateability below 
it (fig.63). 
Determinations of plateability at Station 3 before, during 
and after frontal development are shown in fig 63. Before 
development of the front (leg 2), plateabilities were 
highest in the surface waters, and fell to low level 
(<0.10 % ) within lOrn of the surface. A slight increase 
occurred at 25m, co-incident with the pycnocline, but 
sub-pycnocline plateabilities were also low. On 
development of the front (leg '3), the %P fell in the 
surface waters but increased at all other depths to 
>O. 2 0 % The variation in % P with depth was also 
markedly reduced. After passage of the front (leg 4), % P 
above 20m and below the pycnocline fell once more, but 
continued to increase (to>l.O % ) on the pycnocline itself. 
No correlation could be drawn between Chl a concentrations 
or nutrient status and the %P (all r values << 0.5, 
p>0.1). In this instance, the area of low plateability in 
the central waters appears strongly linked to physical 
factors, since it is delineated by the physical factors 
defining the area of the front (fig. 62a-c). Figs 62a-e 
show the disposition of the isohalines - the frontal area 
corresponds closely with the drop in plateability, but it 
should be noted that the same effect pertains below the 
pycnocline (figs 62d, e). 
4.3.3.12 Heterotrophic uptake activity 
Results of determinations of Km, vmax, vmax/B and V/B are 
presented in figs 64 a - d. 
In the oceanic waters at station 10, 
m . 
the K for glucose 
was low in both surface waters (1. 59 -1 pg. 1 ) and deep 
waters -1 {0.83pg.l ). This suggests that high affinity 
uptake mechanisms predominate here as a response to 
perennially low ambient glucose concentrations. In the 
surface waters. the Km for glutamic acid was also low 
-1 (2.55pg.l ) but this rose to 
. -1 
4.66pg.l in the 
deeper water, suggesting that some source of amino acid 
occurs here. 
At Station·. 3 the Km values for both glucose and 
glutamic acid were higher than those at the offshore 
station at all depths, reflecting the higher ambient 
nutrient concentrations resulting from phytoplankton 
















glucoH glutamic ecld 
SUPRA PYCNOCLINE 
gtucoee gtutamlt: acid 
SUB PYCNOCLINE 
Jb ._.~:-::: :t~~ ~}: 
10331 10331 





E -· !c 60. 
cil ..;-
20. 
o. 10331 10331 
gtaco•• IIIU- acid 
SUPRA' PYCNOCLINE 
107 J 111 
glucoee glutarwlc acid 
SUPRA PYCNOCLINE 
10 3 31 
glutamlcecld 
SUB PYCNOCLINE 
. . . . . . . 
.,,. ',, 1117' ]Jf 
g:Jucoee glutamic acid 
SUB PYCNOCLINE 
FIGURE 64: Changes in parameters of uptake of 
radio-labelled glucose and glutamic acid in relation to 
frontal structures. (Fig. 6 4a: Km Cpg .1-1 ) • Fig. 64b: 
-1 -1 <pg.l .h ). 
potential (Vmax/B = 
velocity of uptake of 
. -1 -1 § pg. h • mgC )_ • _ EJ 
Fig. 64c: 
-1 pg.h .mg 
Specific heterotrophic 
Fig. 64d: Specific 
low concentrations of substrate (V/B = 
Station 10 (oceanic). ~: Station 7 
(frontal) • Ill 
D 
Station 5 . (frontal) [J Station 3 
(non-frontal) Station 3 (frontal). 
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this region (fig.SOb, 64b) the Km for glucose in the 
surface water (6.47lJg.l- 1 ) was lower than that of 
glutamic acid -1 (27.30}Jg.l ). This is in keeping with 
the finding that an aged phytoplankton bloom was present 
in this region. on development of a thermal front in this 
region (fig.SOb) this situation was reversed and the Km 
for glucose was elevated above that of glutamic acid 
-1 (29.70}Jg.l and -1 6.78}Jg.l respectively). This 
suggests that the ambient glucose levels rose suddenly, 
probably as a result of rejuvenation of the phytoplankton 
bloom. In the deeper waters at this station the Km 
values for glucose and glutamic acid remained similar 
before and after :development of the front. ~ax 
values are a reflection of the heterotrophic activity of 
the whole bacterial population. overall, the vmax 
values for deep populations appeared lower than those of 
populations above the pycnocline (fig.64b). 
In surface waters at the oceanic water station (55.56km) 
the vmax for both glucose (9.49 X 10- 3}Jg.t-1 
.h-1) and glutamic acid -1 -1 (0.14}Jg.l .h ) was 
low. In the deeper waters, however, the vmax for 
glutamic acid was higher -1 -1 (0.49}Jg.ll. .h ) again 
suggesting the maintenance of competent amino acid uptake 
mechanisms by this population. 
238 




On development of 
marked increase 
-1 1.06pg.ll . h-1) 
both glucose 
-1 -1 (0.87pg.l .h ) 
-1 -1 (0.10pg.l .h ) 
was low in 
a front in this region (figs.SOb, 
in the vmax for glucose 
and a lesser increase in 
vmax for glutamic acid (to 1. 14pg .ll -~h ) 
and 
the 




observed. These results suggest a fundamental change in 
the activity of the bacterial population in response to 
the development of the thermal front. 
~ax/B (fig.62c) represents the heterotrophic potential 
per unit of . bacterial biomass, a standardised measure of 
heterotrophic potential independent of population size 
(Hoppe. 1978). Similar patterns were shown to be those of 
the ~ax statistics (fig.62b). At the oceanic station 
surface vnax/B measures were low for both glucose 
(0.48 -1 pg.h .mg c-1> and glutamic acid 
-1 (7.05pg.h .mg c-1). In the deeper waters. 
however, although the ~ax1B for glucose was still low 
-1 ( 1. 4 Spg. h . mg c-1>. that for glutamic acid was 
fairly high (44.70pg.mg c-1.h-1). again reflecting 
the maintenance of amino acid uptake mechanisms by this 
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population. At the inshore station, the vmax/B ratio 
for -1 c-1) both glucose (2.51Jlg.h .mg and glutamic 
acid -1 1 (21.65Jlg.h .mg c- ) was low but reflected a 
higher active uptake of amino acids. With the 
development of the thermal front in this region, a very 
marked increase in the ~ax1B occurred for both 
glucose (78.52}lg. h- 1 .mg c-1) and glutamic acid 
-1 (84.44Jlg.h .mg c-1). In the deep waters of this 
station, a drop in the ~ax/B for both glucose and 
glutamic acid occurred 'With development of the front. 
Development of the front had led to an increase in bac-
terial biomass in the deeper waters (from 7.53llg C.l-1 to 
as the distribution of surfac·e· 
bacteria previously associated with an aged 
phytoplankton bloom (fig.SSa, 57a) was distorted by the 
adjacent front (fig. SSb, 57b). This increase of 
biomass of inactive bacteria was responsible for the 
drop in presumably heterotrophic potential. 
Patterns of uptake of low concentrations of dissolved 
organic substrates -1 (glucose = 7nmo 1. 1 , glutamic acid 
= 9nmol.l-l) were complex (fig.64d). Two of the three 
frontal stations tested (Station 7 and Station 3, leg 2) 
showed markedly elevated uptake rates of glucose in the 
surface and deep waters, and of glutamic acid in the 
deep waters, compared with the offshore station and the 
inshore non-frontal station (Station 3 ) • 
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Station 5, however. which was adjacent to the newly 
formed, weak front on leg 4, showed only a slight 
increase in uptake of glucose in the surface waters and 
otherwise the uptake patterns were similar to those of 
non-frontal stations. It is interesting to note that 
uptake mechanisms for glutamic acid were maintained by 
bacteria in the surface waters at Station 10 and Station 
5. 
A positive correlation existed between the bacterial 
plateability on 0.1% peptone agar and the low 
concentration uptake rates of glucose. as shown in Table 
10. 
a b r p 
glucose 155.583 0.034 0.63 <.01>.005 
glutamic acid 62.492 0.118 0.092 .1 
Table 10: Values for the correlation equation 
Y = ax + b where Y = % Plateability 
X = Specific uptake (pg.h-1.mg c-1) 
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4.3.4 Discussion 
The four consecutive transects covered a period of 7 
days. and showed a complex picture of an unstable and 
rapidly changing frontal system. produced as a result of 
the interaction of 4 water masses each with a charac-
teristic salinity and temperature. modified by the 
additional effects of winds tress and sunwarming. As a 
result. it was noted that thermal. salinity and density 
fronts were not always coincident (figs 48, 49, SO). but 
thermal effects appeared to exert the greatest influence 
on both at profiles and the biological characteristics 
of the water column. 
In the region sampled. upwelling of South Atlantic Cen-
tral Water is more continuous than that further .south, 
since it results from deflection of the northward 
flowing deep waters by the coast. although additional 
wind induced upwelling may also occur (Nelson and 
Hutchings. 1983). In this instance winds were 
predominantly of low velocity (<l0km.h~ 1 ) so that 
active upwelling was limited. Two frontal systems were 
initially observed - the first dominated by the thermal 
effects resulting from confluence of the warm oceanic 
waters with cool inshore waters. and the second 
resulting from confluence of low salinity recently 
upwelled water with higher salinity aged upwelled waters 
(figs 48a, 49a). 
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Salinity is a more highly conserved characteristic 
than either temperature or density, and 4 major water 
masses were identified on this basis. Throughout the 
survey, a coastal body of low salinity (<35.0°/oo), 
recently upwelled water was maintained within 11.12 km 
of ~he coast. Oceanic water (salinity >35.4°/oo), was 
·1 imited to distances greater than 40.0 km offshore. 
Between these two bodies of water was a large mass of 
mixea, aged upwelled water of intermediate salinity, 
while underlying these water masses, but contiguous 
with the recently upwelled water at the coast was the 
low salinity (<34.9°/oo) South Atlantic Central water. 
A striking feature of this system was the spatial 
stability ot the oceanic, coastal upwelled and south 
Atlantic Central water masses. In the intermediate 
aged upwelled water, however, conditions were highly 
unstable and sunwarming, winds tress and the movement 
into the area of patches of nigh salinity oceanic water 
led to the development and passage ot thermal fronts 
which reflected as density ( dt) fronts to a depth of 
at least 25 m. 
on initial survey (figs 48a. 49a. SOa) the thermal. den-
.... ~, 
sity and salinity fronts resulted from convergence of 
cold upwelled water with w.arm surface waters 22.24 -
38. 92km offshore (Station 4-7). Rapid sunwarming of 
these surface waters caused the thermal and salinity 
fronts to separate (figs 48b. 49b) so that the thermal 
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front lay between 32km and 43km offshore. with a secon-
dary salinity front lying between 19km and 25km offshore. 
The intrusion of a patch of high salinity oceanic water 
in the central waters. together with the shorewards 
movement of warm surface waters under the influence of 
~nshore winds then caused the thermal front to move 
inshore yet again so that it lay between 18km and 25km, 
the closest inshore that it was observed to move. At 
this point, the distinct salinity front between recent 
and aged upwelled water had weakened and the at 
profiles suggested that highly unstable mixed conditions 
prevailed above the thermocline inshore of the front 
(fig.SOc). Further sunwarming, a relaxation of the 
winds (fig.47a, b) and the disappearance of the oceanic 
intrusion led to the offshore movement of the front 
again. so that it came to lie between 30km and 37km 
offshore. At this point the front was considerably 
weakened, but stratification was obvious at stations 
inshore of it (fig.SOd) even in the surface waters. 
From these results it was concluded that the transect was 
bounded by areas of relatively stable hydrological 
conditions. but that the central waters between 17km.and 
40km offshore were unstable and characterised by the 
frequent development and passage of temporary fronts, 
resulting in both horizontal and vertical mixing in this 
region. 
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Throughout the survey it was noted that passage of the 
front tended to elevate surface nutrient levels. 
particularly at the inshore face of the front. As a 
result, surface water patches of elevated P04 and 
N03 occurred at the front. as has been previously 
noted by Hutchings et ~- (1985). The passage of 
fronts through the central waters appeared to maintain 
N0
3 
levels above limiting concentrations 
-1 
N03 ~N.l [Barlow 1984]). 
It was observed that areas with Chl 
( 1pg at 
a levels 
>1mg.m- 3 were limited to waters of upwelled origin 
and that the distribution of Chl a remained very stable 
(fig.SS). Initially. inshore of 18. Okm, a large bloom 
was associated with the newly upwelled water. In the 
surface waters of this region. nutrient levels were very 
low. and the Chl a maximum lay near the pycnocline. 
This suggests that this bloom had already senesced and 
sunk (Eppley et al .• 1967). With the inshore and 
offshore movement of the front. extensive mixing took 
/ 
place as is the thermocline and this bloom was mixed 
throughout the water column and rejuvenated. subsequently 
producing high Chl a levels (>20.0mg.m- 3 ) at the 
inshore stations by termination of the survey. 
Similarly, passage of the front through the central 
stations led to the development of a small bloom in the 
deeper waters at Station 6 which later extended 
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throughout the water column at station 5 and 4 (figs 58 
- 60). 
Passage of the front may also serve to mix waters (with 
their attendant biota) horizontally as well as 
vertically. Closely associated with the highly 
productive inshore area was a patch of high particle 
density (fig.S4a) which initially appeared to be 
maintained close to the salinity front. This was 
subsequently deeply · extended by downwelling at the 
thermal frontal face on its shoreward passage (fig.S4b) 
in a very similar fashion to that described for Chl a 
levels by Hutchings et al. ( 1984, 1985). Thereafter , 
this patch was dispersed throughout the central waters· 
when the front moved offshore once more (fig.54c). It 
can be concluded that while the overall Chl a dist-
ribution appeared stable, the presence and passage of 
fronts resulted in the development of localised areas of 
high phytoplankton production and subsequent dispersal 
of the cells. The distribution of phytoplankton is 
primarily determined by the presence of nutrient rich 
upwelled water in the 
Eppley et al. ( 1973), 
Legendre ( 1981), in 
euphotic zone, but as noted by 
Eppley and Peterson ( 1979) and 
the event of nutrient (and 
particularly inorganic N) losses from stratified suface 
waters by its incorporation into biomass (Barlow 1982a, 
b, 1984) and additional losses from the formation of 
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refractory particulates and the sinking of P. O.M. from 
the euphotic zone, maintainance of plankton blooms comes 
to depend upon renewal of nutrients across the 
pycnocline or frontal boundary. In addition to the 
increases in No3 and Po4 associated with the frontal 
face, Hutchings et al. (1985) record that responsive 
increases in phytoplankton standing stock are a common 
feature of the Benguela frontal system, as was noted in 
this survey. Hutchings et al. (1984, 1985) showed that 
phytoplankton productivity increased at the frontal face 
although it remained low compared with inshore 
productivity, and suggested that in addition to 
stimulation of the bloom by nutrient aug mentation, 
there is a mechanical accumulation of cells at the 
frontal face in response to limited upward water 
movement at the inshore face adjacent to downwelling in 
the convergent zone. 
Probyn ( 1985) suggests that recycling and heterotrophic 
mineralisation may be enhanced at the front. Size frac-
tionated nitrogen uptake studies showed that net plankton 
(>10pm) dominated both the biomass and nitrogen uptake 
in the inshore region, while offshore and at the front, 
nano- and picoplankton were more important. 
uptake levels were enhanced at the front, however, 
suggesting an enhancement of microheterotrophic pro-
cesses which may efficiently recycle low nitrogen 
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stocks, in addition to the enhancement of nutrient 
levels by mixing at the frontal face. Holligan et al .. 
(1984a, b) and Linley et tl_. (1983) showed that in 
stratified waters adjacent to a tidal mixing front, 
dinoflagellates were stimulated by mixing at the frontal 
face itself, and that increased heterotrophic activity 
was also present. 
In contrast to the stability of Chl a distributions, 
however, the distribution and abundance of bacteria was 
observed to change rapidly, both horizontally and verti-
cally. In general there was a drop in both numbers and 
biomass with depth (fig.61) with the pycnocline marking 
a dis junction in the distribution: numbers and biomass 
were much lower below the pycnocline. This effect has 
been noted elsewhere (Painting et al., 1985) and may be 
related to carbon deprivation below the pycnocline. 
The highest bacterial numbers and biomass recorded 
occurred at distances inshore of 23.0km, and were clearly 
associated with waters of upwelled origin with high Chl a 
concentrations (Table 9). Numbers and biomass were how-
ever also high in far offshore waters (>40km) which is 
surprising, since Chl a levels there were low, and 
oceanic waters usually carry a low bacterial biota 
(Sorokin, 1971; Fuhrman et al., 1980; vanEs and 
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Meyer-Reil. 1982). As previously discussed (Section 
4. 2) this may result from remote stimulation of 
bacterial populations in a manner similar to that 
described by Pingree et al. (1977). or by nutrient 
enhancement effects resulting from the abuttal of the 
I 
oceanic and inshore waters (Savidge. 1976; Savidge and 
Foster. 1978). Unlike the population described in 
Section 4.2. however. this population was not associated 
with increases in the Chl a concentration in the 
offshore water (fig.41). In the central waters. and in 
water just offshore of the front. numbers and biomass of 
bacteria were low. so that horizontal distributions of 
both numbers and biomass had a bimodal form (figs 58 -
60). The distribution of bacterial biomass was strongly 
affected by the position of the front and in each case. 
the front marked the outer limit of distributions >10.01Jg 
-1 C.l . As a result. movement of the front in and 
offshore resulted in changes in the distribution of 
biomass. 
Increases in bacterial biomass at fronts have previously 
been noted by several authors: Fogg et al. (1985b). 
Lochte and Turley (1985), Egan and Floodgate (1985) and 
Turley and Lochte (1985) recorded increases in both num-
bers and biomass associated with frontal formation in 
the West Irish sea. which they attributed to stimulation 
of the bacterial population by enhanced phytoplankton 
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activity as well as mechanical accumulation at the front 
itself. Holligan et al. (1984a. b) and Linley et al. 
(1983) noted pronounced increases in numbers and biomass 
at a front in the English Channel, largely attributable 
to nutrient stimulation by increased phytoplankton 
activity, while Hanson and Lowery (1985) noted similar 
increases aligned with Polar frontal zones. which they 
attributed to increased biological activity resulting 
from interaction of low nutrient Sub-antarctic waters 
with high nutrient Arctic waters. in a fashion similar 
to that described by Savidge (1976). Tha Benguela front 
is. however. distinctly different from other frontal 
systems in that it appears highly unstable. As a result 
bacterial numbers and biomass in the immediate vicinity 
of the front are ·reduced by vertical mixing of surface 
waters with low population density deeper waters, with 
increases in numbers and biomass occurring on either 
side but remote from the front itself. A similar effect 
was noted with particle distributions (fig. 54), 
suggesting that mechanical dispersion and accumulations 
occur with frontal development and movement. but that 
there was an additional association between 
phytoplankton growth and increases in bacterial numbers 
and biomass. 
Bacterial blooms were seen to occur in association with 
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increased Chl a concentrations at inshore stations (fig. 
sa - 60) and were also seen to follow the development of 
phytoplankton blooms at the central and coastal stations 
following passage of the front and rejuvenation of 
blooms. A similar effect was noted by Jacobsen· et · al. 
(1985) following an intrusion of nutrient rich Gulf 
Stream ,water into nutrient depleted coastal waters off 
Florida. and by Turley (1985) and Fogg et al. (1985b) in 
the West Irish Sea. 
It can be concluded that multiple factors affect bacterial 
numbers and biomass distribution. and their interaction 
may be complex: in addition to a close association with 
phytoplankton distributions. bacterial distributions are 
also affected by particle distributions. water movement 
and frontal phenomena to a far greater degree than the 
phytoplankton. In this instance the centre of high 
bacterial biomass and numbers inshore was compressed and 
expanded by frontal movement and low biomass occurred 
behind the front as a result of advection to the surface 
of low population density waters. 
At all depths tested. bacterial plateability (figs 62a-e) 
. showed a bimodal distribution. Highest %P was recorded 
at the inshore stations where active phytoplankton bloom 
development was taking place and adjacent to the frontal 
zone in the offshore waters. while %P in the frontal zone 
·····--·· ··- -··-----
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itself was low. As discussed in Section 3, the factors 
affecting bacterial plateability are complex and 
increases in plateability arise during phases of active 
uptake of dissolved organic carbon (such as occurs 
during active phytoplankton bloom development), during 
mineralisation of refractory particulates and during 
fragmentation in response to the onset of starvation. 
In this instance a strong correlation was found between 
velocities 











suggesting that, for the stations inshore of the front, 
changes in plateability do reflect differences in 
heterotrophic metabolic activity. The increase in 
bacterial plateability at stations further offshore than 
this are however unassociated with increased phyto-
plankton activity, but it will be noted that at the time 
that the plateabilities were assessed, a considerable 
increase in the amount of particulate material occurred 
in this area due to the dispersal of the inshore 
particle patches by offshore movement of the front, 
which may have been responsible for stimulation of the 
highly oligotrophic offshore populations. The low 
plateabilities in and immediately adjacent to the front 
itself probably arise due to advection to the surface of 
nutritionally incompetent cells from deeper waters. 
After passage of the front, development of phytoplankton 
blooms and resulting exudation of D.O.C. results in 
increases in plateability. 
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This was exemplified by three consecutive platings at 
Station 3 (16.67km) before. during and after passage of 
the front (fig.l7). Plateabilities at all depths were 
low before development of the front here, since this 
was an area occupied by an aged phytoplankton bloom. 
Development of the front restimulated the bloom and an 
immediate increase in plateability occurred. After 
passage of the front, this bloom continued. particularly 
at the pycnocline. but the surface portion of the bloom 
was dispersed behind the front and a corresponding 
decrease in plateability in the surface waters was noted 
while plateabilities continued to rise between 20m and 
30m. It should be noted that this is the result of two 
effects: stimulation of the phytoplankton bloom by 
nutritional enhancement and mixing to optimum light 
levels. · and mechanical dispersal of cells horizontally 
by movement of the f~ont. In addition the effect of 
movement of the front through a senescing bloom would 
appear to produce a different effect to its movement 
through an area of low Chl a concentration. In the first 
case there appears to be an immediate rejuvenation of 
both phytoplankton and bacterial cells. In the second 
case, plateabilities at the front itself were lowered, 
but rose after passage of the front and subsequent 
phytoplankton development. It should further be noted 
that there is a time lag between maximum phytoplankton 
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development and maximum bacterial plateability (Section 
3). This is apparent in the case of pla teabi 1 i ties of 
bacteria associated with bloom development at Station 6, 
5, and 4 where phytoplankton blooms were too young for 
any marked increase in plateability to have occurred, 
a 1 though increases in numbers and biomass had occur red. 
such a lag was previously noted under experimental 







marked delay between onset of 
and bacterial plateability 
in development of mechanisms 
competent to take up low concentrations of D.O. c. was 
much shorter and these provided a better measure of 
heterotrophic activity (Hoppe, 1977; Vaccaro and 
Jannasch, 1966; Lochte, 1985). 
During this survey, it was found that in offshore waters, 
where Chl a, levels were low, only high affinity uptake 
mechanisms were maintained for glucose, although a low 
affinity uptake mech~nism for glutamic acid appeared to 
predominate in the waters below the pycnocline. It was 
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At the inshore stations. the development of the front 
clearly had an effect on the heterotrophic uptake 
activity. reflected in a rise in the Km. vmax and 
specific heterotrophic potential for both glucose and 
glutamic acid (fig.64a-c) in the waters above the 
pycnocline and for glucose in the deeper waters. 
reflecting the dependence of these populations on 
dissolved organic substrates and hence a correlation 
between their level of activity and the physiological 
state of the phytoplankton blooms with which they were 
associated. Specific velocities of the uptake of low 
concentration (7nmol.1- 1 ) of glucose were shown to be 
higher at stat ions close to · the front (fig. 64d) than 
those at offshore stations or nonfrontal inshore 
stations. although glutamic acid uptake velocities 
remained high even in surface waters at the offshore 
stations. 
The influence of ambient D.O.C. levels has to be inferred 
in this instance. where they were not directly measured. 
I 
but clear assocations between increased rates of specific 
uptake and Vmax and decreases in Km have been shown 
to be associated with increases in ambient D.O.C. levels 
by Lochte (1985). Davis and Robb (1985) and in the 
present work (Section 3)~ 
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Throughout this survey. frontal development appeared to 
effect mixing of nutrient rich waters from below the 
pycnocline with impoverished aged upwelled waters above 
it. This appeared to stimulate rejuvenation of phyto-
plankton blooms. with associated increases in bacterial 
numbers and activity. In addition. bacterial popul-
ations in offshore waters appeared to be stimulated to a 
certain extent by the proximity of relatively rich 
inshore waters; the frontal zone was thus bounded by 
areas of relatively high bacterial biomass. with centres 
of high heterotrophic activity limited to the surface 
waters inshore of the front. and to areas of active 
phytoplankton growth. 
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SECTION 5: SUMMARY AND CONCLUSIONS 
Upwelling areas. such as the Benguela region off the west 
coast of south Africa. are characterised by the regular 
advection to the euphotic zone of nutrient rich bottom 
water. during upwelling events which are usually wind 
induced. 
upwelling 
In the course of this study, it was shown that 
events occurred throughout the year, although 
they were most common during summer. 
During summer. upwelling events occurred with a marked 
regularity with approximately 10 days elapsing between the 
height of upwellings. During winter, however, inter-
upwelling periods were much longer. Whether they ocurred 
in summer or winter, upwelling events resulted in marked 
drops in water temperature. and increases in the nutrient 
content of the surface waters, as has been previously dis-
cussed by Andrews and Hutchings (1980) and Shannon (1985b). 
South Atlantic Central Water, which is brought to the 
surface during such upwelling episodes, is very old, with 
a bottom residence time >SOOy (Morita. 1984; Shannon, 
1985b) and has a very low D.O.C. and P.O.C. 
concentration. The bacterial populations associated with 
it have therefore been subjected to starvation conditions 
for a long time. and upwelling events can be regarded as 
effecting a rapid change in environmental conditions on 







appear to be 
bacteria associated with 
characteristic: whether 
upwelling occurred in winter or summer, the associated 
plateable populations were highly diverse, dominated by 
facultative anaerobic isolates and low in biomass. 
As shown by Barlow (l982b, 1984) upwelled water is rapidly 
colonised by phytoplankton, which bloom within 5 days of 
an upwelling event, producing high Chl a concentrations in 
the nearshore region and for some distance offshore. 
Thes·e blooms result in the impoverishment of nutrients, 
particularly N and P, after which the blooms decline and 
senesce. such phytoplankton blooms produce large 
quantities of D.O.C. and P.O.C. (Ignatiades and Fogg, 
1973; Lancelot, 1984) which are utilised by bacteria 
(Lancelot, 1979; Larsson and Hagstrom, 1979, 1982). 
In these studies, the bacterial populations associated 
with upwelled waters were shown to bloom in concert with 
phytoplankton populations within 5 days of exposure to a 
high light regime, with bacterial population development 
lagging behind phytoplankton bloom development by l-2 
days. The development of phytoplankton blooms, which 
produce a gradual increment of available nutrient, is very 
similar to the conditions described by MacDonell and Hood 
(1982) as being necessary for the revival of dormant, 
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starved strains. Associated with the development of the 
bacterial populations, changes in the structure of the 
populations of plateable bacteria were shown to occur: 
the diverse population of upwelled water was replaced by a 
low diversity population dominated by oxidative strains 
with a wide variety of catabolic properties. This 
population was also extremely active in taking up D.o.c. 
supplied in the form of 14c radiolabelled substrates, 
and biomass specific uptake rates were shown to increase 
as phytoplankton abundance, D.O.C. and P.O.C. levels rose. 
The blooming of phytoplankton cells was shown to deplete 
the nutrients in the mesocosm enclosure. as discussed by 
Barlow (1984). As the phytoplankton bloom declined, a 
decrease in the D.O.C. concentration occur red. and 
deprived of this source of nutrient, bacterial populations 
rapidly utilised the available P.O.C., and then themselves 
declined as the onset of starvation conditions and 
flagellate predation reduced the population. During this 
population decline, the diversity of the population 
increased, and facultative anaerobes once again appeared 
in the plateable assemblages. It was hypothesised that a 
similar sequence of events takes . place associated with 
natural phytoplankton blooms. Continuous (daily) sampling 
at an upwelling site however, showed that during summer, 
the regularity of upwelling and the short inter-upwelling 
periods continually renewed the nutrient stocks in the 
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nearshore region, maintaining both phytoplankton and 
bacterial populations in an earl;y stage of development -
during summer, little difference between upwelling and 
downwelling plateable populations could be discerned. All 
summer populations tested were characteristically diverse 
with a high proportion of facultative anaerobes, with only 
slight decreases in diversity being noted after lengthy 
upwelling-downwelling cycles. During winter~ however, a 
stationary phase population of low diversity, dominated by 
oblig~te aerobic isolates arose during the lengthy 
inter-upwelling periods. Similarity analysis of the 
plateable populations of summer, winter and the mesocosm 
enclosure (Fig.65) shows that the winter terminal 
population was most similar to the initial stationary 
phase population occurring in the mesocosm. 
Sampling at such a fixed station, however, results in the 
repeated sampling of waters moving on and offshore in a 
fairly restricted scale. Hutchings (1981) and Hutchings 
et tl- (1984, 1985) suggest that upwelled water may be 
exported from the shore in an approximately north-westerly 
direction for some distance. This water may be returned 
to the shore during downwelling. but it also mixes with 
offshore waters, and the hydrological characteristics of 
the region inshore of the front were shown in this study 
to be largely determined by the upwelled origin of these 
' 
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oceanic front confirmed that a drop in N and P occurred 
from the inshore region to the offshore region in the 
surface waters, and associated with this, a drop in the 
Chl a concentration, P .O.M. and numbers and biomass of 
bacteria also occurred. 
Within this region, however, the development and passage 
of fronts was shown to exert a profound influence on 
bacterial activity. The passage of such fronts effected 
deep mixing of surface and deep waters across the 
pycnocline. While such mixing did not produce surface 
nutrient levels as high as those which occurred in 
upwelled water, it appeared to maintain localised nutrient 
levels above limiting levels, which was sufficient to 
stimulate the rapid development or rejuvenation of 
offshore phytoplankton blooms. In addition, these fronts 
appeared to produce some mechanical accumulation of both 
phytoplankton and bacterial cells, and may also have been 
responsible for maintaining phytoplankton cells in an 
optimum light regime. In proximity to these fronts, 
parameters of heterotrophic uptake of glucose in 
particular were shown to increase markedly, probably in 
response to increased D.O.C. release by reactivated 
phytoplankton blooms. Biomass specific uptake parameters 
(vmax/B, V/B) increased markedly after frontal 
development, and were comparable with those recorded at 
the height of the phytoplankton bloom in the mesocosm 
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enclosure experiment. An interesting feature was the 
close correlation between bacterial plateabil i ty and 
biomass specific uptake rates of low (<10 -1 nmol.l ) 
concentrations of glucose, . which confirmed the suggestion 
of Laake et al. (1983b) that plateability may serve as an 
indicator of nutritional capability and metabolic activity 
of bacterial populations. 
A seemingly paradoxical feature of transects of the 
Benguela region however was the bimodal distribution of 
bacterial biomass and plateability across the oceanic 
front. On the front itself, mixing of low biomass deep 
waters with the high biomass surface waters produced an 
overall decrease in bacterial biomass. Offshore of the 
front however. distinct peaks in biomass were noted in 
oceanic waters, associated with which were marked 
increases in plateability, but not in the uptake of 
D.O. C. such increases in biomass were unsupported by 
increases in Chl a, and all other measured nutrients were 
low. The plateable population of oceanic bacteria was 
shown to be typical of a bacterial bloom, being low in 
diversity and dominated by oxidative isolates. This 
suggests that the front marks the juxtaposition of two 
different bacterial populations, the inshore population 
being dependent on relatively higher available nutrients. 
and the oceanic population being adapted to highly 
oligotrophic conditions. In this instance, the oceanic 
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populations appeared to respond to the slight increases in 
nutrients. and particularly P.O.M. which occur at the 
front. 
In the case of bacterial populations monitored during the 
mesocosm enclosure. the initial population reached very 
low levels after 10 days. following the senescence of the 
phytoplankton bloom. Following this. however. a second 
population of bacteria arose. which appeared to be depen-
dent on recalcitrant D.O.C. and P.O.C. remaining in the 
mesocosm. This population was similar in generic 
structure to the initial population but quite different in 
properties. showing limited catabolic activity and failing 
to take up 14c radiolabelled substrates. 
The development and decline of these populations can be 
regarded as a temporal sequence which could equally well 
be applied to field phenomena. such as the sedimentation 
of particles through the water column or the export and 
mixing of waters from the inshore area. Itturiaga (1979) 
suggests .• 
particles. 
for example. that during sedimentation of 
tha small molecular weight compounds are 
utilised first and the larger molecular weight compounds 
last. It might be expected. therefore. that bacterial 
populations comparable to the first noted in the mesocosm 
would be associated with particles close to their point of 
origin, while populations corresponding to the second 
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stage of development in the mesocosm would only be found 
at the pycnocline or in deeper waters. Similarly, since 
extensive phytoplankton activity is limited to the inshore 
areas of the Benguela System, the export of these waters 
towards the front may occasion a similar change in the 
'--- properties of the associated phytoplankton and bacterial 
populations. By the time waters approach the front, they 
may carry only recalcitrant D.O.C. and P.O.M. which are 
then available for utilisation by highly oligotrophically 
adapted oceanic bacteria. 
This work has demonstrated the close interaction between 
phytoplankton bloom development and the development and 
activity of bacterial populations in the Benguela region. 
Bacterial populations in the field and in laboratory 
experiments were shown to 
physiological state of 
through a well-ordered 
respond rapidly to changes in 
phytoplankton blooms, passing 
and characteristic series of 
successions similar to those described by other authors in 
both fresh water and marine systems (Jones, 1973; Martin 
and Bianchi,1980; Hauxhurst et al., 1981; Fukami et al., 
1985a, b). 
While previous work has suggested that marine heterotrophic 
bacteria play a vital role in remineralisation and 
recycling processes, that of Lucas, (1985) and Ducklow et 
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al. (1986) suggests that these bacteria may in fact act as 
a carbon sink in the system: this is a vi tal question 
which remains to be answered in the Benguela Upwelling 
System where rapid recycling of nutrients is essential to 
maintain high productivity (Probyn, 1985). The results of 
this work however suggest that any further research must 
take the population structure of the bacterial assemblages 
into account, since it is essential to understand the 
physiological properties of the active populations before 
valid conclusions on their ecological role can be made. 
266 
':_....,..:: ..... ··~·. . --- -·.- ...... - . 
LITERATURE CITED 
AMY, P.S. and MORITA, R.V. (1983a). Sta.rvation-su.rvival 
patterns of 16 freshly isolated open ocean bacteria. Appl. 
Environ. Mic.robioi. 45 : 1109 - 1115. 
AMY, P.S. and MORITA, R.V. (1983b). Protein patterns of 
growing and starved cells of a marine Vibrio. Appl. 
Environ. Mic.robiol. ii 1748 1752. 
AMY, P.S., PAULING, C. and MORITA, R.Y. (1983) Starvation-
survival processes of a marine Vib.rio. 
Mic.robiol. 45 : 1141 - 1048. 
Appl. Environ. 
ANCIETE, F. (1981). The importance of coastal upwelling 
.research to Pe.ru. In: Richards, F.A. (Ed.) Coastal 
Upwelling! . Coastal and Estuarine Sciences 1,. Am. 
Geophys. Union, Washington D.C. pp4 - 5. 
ANDERSON, G. C. and ZEUTSCHEL, R.P., (1970). Release of 
dissolved organic matte.r by marine phytoplankton in coastal 
and offshore a.reas of the Northeast Pacific Ocean. Limnol. 
Oceanog.r. 1i : 402 - 407. 
ANDERSSON, A., LEE, C., AZAM, F., and HAGSTROM, A. (1985). 
Release of a·mino acids and inorganic nutrients by 
heterotrophic marine flagellates. Ma.r. Ecol. P.rog. Se.r. 
23 : 99 - 106. 
267 
ANDREWS, P. and WILLIAMS, P.J. LE B.(1971). Heterotrophic 
utilisation of dissolved organic compounds in the sea. 
III. Measurement of the oxidation rates and concentrations 
of glucose and amino acids in seawater. J. Mar. Biol. Ass. 
111 - 125. 
ANDREWS , W. R. H. , and CRAM, D. L . ( 19 6 9) . combined serial 
and shipboard upwelling study in the Benguela current. 
Nature. 24 : 902 - 904. 
ANDREWS, W.R.H. and HUTCHINGS, 




2. : 1 - 81. 
ATLAS , R . M. ( 1 9 8 4 ) . Diversity of microbia 1 communities. 
Adv. Microb. Ecol. 7 : 1 - 47. 
AZAM, F., FENCHEL, T., FIELD, J.G., GRAY, J.S., 
MEYER-REIL, L.A. and THINGSTAD, F. (1983). The ecological 
role of water column microbes in the sea. Mar. Ecol. 
Proq. ser. 10 : 257 - 263. 
BADA, J .L. and LEE, c. (1977). Decomposition and 
alteration of organic compounds dissolved in seawater. 
Mar. Chem. .§. 523 - 534. 
BARBER, R . T . ( 19 6 6 ) . Interaction of bubbles and bacteria 
in the formation of organic aggregates in sea water. 
Nature, Lond. 211 : 257 - 258. 
268 
BARLOW, R.G. (1982a). 
Southern Benguela Current. 
Phytoplankton ecology in the 
I. Biochemical composition. 
J. exp. mar. Biol. Ecol.. §]_ 209 - 227. 
BARLOW, R.G. (1982b). 
southern Benguela current. 
exp. mar. Biol. Ecol. §]_ 
Phytoplankton ecology in 
III. Dynamics of a bloom. 
239 - 248. 
the 
J..:.. 
BARLOW, R. G. ( 1984). Dynamics of the 
phytoplankton bloom after an upwelling 
mar. Biol. Ecol. g : 239 - 248. 
decline of a 
event . =-J-. _e=x=po;:;...;... 
BELL, R.T. and KUPARINEN, J. (1984). Assessing 
phytoplankton and bacterioplankton production during early 
spring in Lake Erken, Sweden.' Appl. Environ. Microbiol. 
ll : 1230. 
BIANCHI, M.A.G. and BIANCHI, A.J .M. (1982). Statistical 
sampling of bacterial strains and its use in bacterial 
diversity measurement. Microb. Ecol. ~ : 61 - 69. 
BIDDANDA, B.A. (1985). Microbial synthesis of macroparti-
culate matter. Mar. Ecol. Proq. Serv. 20 241 - 251. 
BILLEN, G., JOIRIS, C., WIJNANT, J. and GILLAIN, G. 
(1980). concentration and microbiological utilisation of 
small organic molecules in the Scheldt estuary, the Belgian 
coastal zone of the North Sea and the English Channel. 
Estuarine Coastal Mar. Sci. 11 : 279 - 294. 
269 
BIRD, D.F. and KALFF, J. (1984). Empirical relationships 
between bacteria 1 abundance and chlorophyll concentration 
in fresh and marine waters. Can. J. Fish. Aguat. Sci. 41: 
1015 - 1023. 
BOLTER, M. (1977). Numerical taxonomy and character 
analysis of saprophytic bacteria isolated from the Kiel 
Fjord and the Kiel Bight. In: Rheinheimer G. (Ed.) 
Microbial ecology of a brackish water environment. 
Springer-Verlag; Berlin, Heidelberg, N.Y. pp148 - 178. 
BOLTER, M. (1981). D.O. C.-turnover and microbial biomass 
production. Kieler Meeresforsch. Sonderh. ~ : 304 - 310. 
BOLTER, M. and DAWSON, R .. (1982). Heterotrophic 
utilisation of biochemical compounds in Antarctic waters. 
Neth. J. Sea Res. li: 315- 332. 
BOLTER, M .• MEYER-REIL, L-A. and PROBST, B. (1977). 
Comparative analysis of data measured in 
water of the Kiel Fjord and the Kiel 
Rheinheimer, G. (Ed.) Microbial Ecology of 
Water Environment. 






BRATBAK, G. and DUNDAS, 
content and biomass 
Microbiol.48 : 755 - 757. 
I. (1984). Bacterial dry matter 
estimations. Appl. Environ. 
270 
BRIGHT, J.J. and FLETCHER, M. (1983a). Amino acid 
assimilation and respiration by attached and free-living 
populations of a marine Pseudomonas sp. Microb. Ecol. ~ 
: 215 - 223. 
BRIGHT, J.J. and FLETCHER, M. (1983b}. Amino acid 
assimilation and electron transport system activity in 
attached and free-living marine bacteria. Appl. Environ. 
Microbiol. ~ : 818 - 825. 
BROCKMANN. U.H .• EBERLEIN, K .• HOSUMBEK, P .• TRAGESAR, H., 
MAIER-REIMER, E. and JUNGE, H.D. {1977). The development 
of a natural plankton population in an outdoor tank with 
nutrient poor sea-water. I. Phytoplankton succession. 
Mar. Biol. !2 : 1 - 17. 
BROCKMANN. U. H., EBERLEIN. K.. JUNGE, H. D. MAIER.-REIMER, 
E. and SIEBERS,. D. (1979}. The development of a natural 
plankton population in an outdoor tank with nutrient poor 
sea-water. II. Changes in dissolved carbohydrates and 
amino acids. Mar. Ecol. Proq. Ser. b 283 - 291. 
BROCKMANN, U.H., KATTNER, G. and DAHL, E. (1981}. Plankton 
spring development in a south Norwegian fjord. In: Grice. 
G. D. and Reeve. M. R. (Eds.} Marine mesocosms. Springer -
N.Y. pp195 - 204. 
271 
BROWN, P . C . ( 19 81) . Phytoplankton and nutrients in the 
southern Benguela region. Trans. Roy. Soc. s. Afr. 44 
347 - 355. 
BROWN. P. c. ( 1982). Phytoplankton production measured in 
situ and under simulated in situ conditions in the 
southern Benguela upwelling region. Fish. Bull. s. Afr. 
16 : 31 - 37. 
BROWN, P.C. (1984). Primary production at two contrasting 
nearshore sites in the southern Benguela upwelling region, 
1977 - 1979. s. Afr. J. Mar. Sci. ~ : 205 - 215. 
BROWN, P.C. and FIELD, J.G. (1986). Factors limiting 
phytoplankton production in a nearshore upwelling area. 
J. Plankt. Res. ~: 55 - 68. 
BROWN, P.C. and HENRY, J.L. (1985). Phytoplankton 
production, Chlorophyll a and light 
southern Benguela region during the 
and 1980. In: Shannon L. V. (Ed.) 
colour and . upwelling experiment. 
Inst., Cape Town, pp2ll- 218. 
penetration in the 
period between 1977 
South African Ocean 
Sea Fisheries Res. 
BROWN, P.C. and HUTCHINGS, L. (1985). Phytoplankton 
distribution and dynamics in the Southern Benguela 
current. In: Bas, c., Margalef, R. and Rubies, P. (Eds) 
272 
International symposium on the most important upwelling 
areas off Western Africa (Cap Blanco and Benguela). 
Institu de Investigaciones 
press). 
Pesqueras, Barcelona 1 (In 
BUCK, J.D. 
microbiology. 
(1979). The plate 
In: Costerton, J.W. 
count in aquatic 
and Colwell, R.R. 
(Eds.) Native aquatic bacteria: enumeration, activity 
and ecology. Amer. Assoc. Test. Mats .• Philadelphia, pp19 
- 29. 
BURNEY, C.M. DAVIS, P.G. JOHNSON, K.M. and SIEBURTH. J. 
MeN. ( 1982). Diel relationship of microbial trophic 
groups and in situ dissolved carbohydrate dynamics in the 
carri- bean Sea. Mar. Biol. 67 : 311 - 322. 
BUTTON, O.K. (1985). Kinetics of nutrient-limited 
transport and microbial growth. Microbiol. Rev. 49 : 270 
- 297. 
CARLUCCI, A.F., CRAVEN, D.B. and HENRICHS, S.M. (1984). 
Diel production and microheterotrophic 
dissolved free amino acids in waters 
California. Appl. Environ. Microbiol. ~ 
CHAPMAN, P. and SHANNON, L.V. (1985). 
utilisation of 
off southern 
165 - 170. 
The Benguela 
ecosystem Part II Chemistry and related processes. 
Oceanogr. Mar. Biol. Ann. Rev. ~ : 183 - 251. 
273 
CLIFFORD, H.T. and STEPHENSON, W. (1975). An introduction 
to numerical classification. Acad. Press N.Y. 
COLE, J.J. (1982). Interactions between bacteria and 
algae in aquatic ecosystems. Ann. Rev. Ecol. syst. ll 
291 - 314. 
COLE, J. J., LIKENS, G.E. and STRAYER, D.L. (1982). 
Photosynthetically produced dissolved organic carbon: an 
important carbon source for bacteria. 
27 : 1080 - 1090. 
COLWELL, R.R. and LISTON, J. 
Limno1. Oceanoqr. 
(1961). Taxonomic 
relationships amongst the Pseudomonads. J. Bacterial. 82 
: 1 - 14. 
COWAN, S.T. and STEEL, K.J. (1970). Manual for the 
identification of medical bacteria. cambridge University 
Press, Camb. U.K. 
CRAWFORD, C.C., HOBBIE, J .E. and WEBB, K.L. (1974). The 
utilisation of dissolved free amino acids by estuarine 
microorganisms. Ecology. ~ 551 - 563. 
DAHLE, A.B. and LAAKE, M. (1982). Diversity dynamics of 
marine bacteria studied by immunofluorescent staining on 
membranes. Appl. Environ. Microbial. 43 : 169 - 176. 
274 
DAVIES J.M. (1984). The role of large enclosures in marine 
microbia 1 research. In: Hobbie. J. E. and Wi 11 iams. P. J. 
Le B. (Eds) Heterotrophic activity in the sea. Plenum 
press. N.Y. pp465 - 479. 
DAVIES, J.M. and GAMBLE, J.C. (1979). Experiments with 
large enclosed ecosystems. 
B286 523 - 544. 
Phil. Trans. R. Soc. Land. 
DAVIS, C.L. (1985). Physiological and ecological studies 
studies of mannitol utilising marine bacteria. PhD thesis. 
University of Cape Town. 
DAVIS, C.L., KOOP, K., MUIR, D.G. and ROBB, F.T. (1983). 
Bacterial diversity in adjacent kelp dominated ecosystems. 
Mar. Ecol. Prog. ser. 13. 115 - 119. 
), 
DAVIS, C.L. and ROBB , F . T . (1985). Maintenance of 
different mannitol uptake systems during starvation in 
oxidative and fermentative marine 
Environ. Microbial. 50 : 743 - 748. 
bacteria. Appl. 
DAVIS, P.G. and SIEBURTH, J. MeN. (1984). Estuarine and 
oceanic microflagellate predation of actively growing 
bacteria estimation by frequency of dividing-divided 
cells. Mar. Ecol. Prog. Ser. 11 : 237 - 246. 
275 
276 
DAWSON, R., and GOCKE, K. (1978). Heterotrophic activity 
in comparison to the free amino acid concentrations in 
Baltic seawater samples. Oceanol. Acta k : 45 - 54. 
DELATTRE, J.M., DELESMONT, R., CLABAUX, M., OGER, C. and 
LECLERC, H. (1979). Bacterial biomass, production and 
heterotrophic activity of the coastal seawater at 
Gravelines (France). Oceanol. ~ 317 - 324. 
DERENBACH, J.B. and WILLIAMS, P.J. LeB. (1974). 
Autotrophic and bacterial production: fractionation of 
------ -~-. 
plankton :,~~-~'?~lations : by differential filtration of 
samples from the Enqlish Channel. Mar. Biol. 25 : 263 -
269. 
DOETSCH, R.N. and COOK, T.M .. (1973). Introduction to 
bacteria and their ecobiology. Medical and Technical Publ. 
Co., Lancaster. 
DUCKLOW, H.W., KIRCHMAN, D.L. and ROWE, G.T. (1982). 
Production and vertical flux of attached bacteria in the 
New York Biqht as studied with floating sediment traps. 
Appl. Environ. Microbial. !I : 769 - 776. 
DUCKLOW, H.W., PURDIE, D.A., WILLIAMS, P.J. Le B. and 
DAVIES, J .M. (1986). Bacterioplankton: a sink for carbon 
in a coastal marine plankton community. Science 232 
865 : 867. 
DUGDALE. R.C. and GOERING, J. (1967). Uptake of new and 
regenerated forms of nitrogen in primary productivity. 
Limnol. Oceanoqr. 12 196 - 206. 










distribution of the sea snake Pelamis. Limnol. oceanoqr. 
ll : 845 - 853. 
EBERLEIN. K., BROCKMANN, U.H .• HAMMER. K.D .• KATTNER. G. 
and LAAKE. M. (1983). Total dissolved carbohydrates in an 
enclosure experiment with a unialgal Skeletonema costa tum 
277 
culture. Mar. Ecol. Proq. Ser. 14 45 - sa. .. 
EGAN. B. and FLOODGATE. G.D. (1985). Biological studies 
in the vicinity of a shallow-sea tidal mixing front II: 
The distribution of bacteria. Phil. Trans. R. Soc. Land. 
B310 : 435 - 444. 
EPPLEY. R.W .• HOLMES. R.W. and STRICKLAND, J .D.H. (1967). 
Sinking rates of marine phytoplankton measured with a 
fluorometer. J. exp. mar. Biol. Ecol. ±: 191- 208. 
EPPLEY. R.W. and PETERSON, B.J. (1979). Particulate 
organic matter flux and planktonic new production in the 
deep ocean. Nature. London. 282 : 677 - 680. 
278 
EPPLEY, R.W., RENGER, E.H. VENRICK, E.L. and MULLIN, M.M. 
(1973). A study of plankton dynamics and nutrient cycling 
in the central gyre of the North Pacific Ocean. Limnol. 
oceanogr. 1J! 534 - 551. 
EPPLEY, R.W., RODGERS, J.N., McCARTAY, J.J. and SOURNIA, A. 
(1971). Light/dark periodicity in nitrogen assimilation 
of the marine phytoplankton Skeletonema costatum and 
Coccolithus huxleyi in N-limited chemostat culture. J...:.. 
Phycology 7 : 150 - 154. 
FALKOWSKI, P.G., VIDAL,. J., HOPKINS, T.S., ROWE, G.T., 
WHITLEDGE, T.E. and HARRISON, W.G. (1983). Summer nutrient 
dynamics in the middle Atlantic Bight: Primary production 
and utilisation of phytoplankton carbon. J. Plankton Res . 
.§.. 515 - 537. 
FENCHEL, T. {1968). The ecology of marine meiobenthos 
II. The food of marine benthic ciliates. Ophelia. .§.. 
73 - 121. 
FENCHEL, T. (1980). Suspension feeding in ciliated 
protozoans: feeding rates and their ecological 
significance. Microb. Ecol. ~ 13 - 25. 
-
FENCHEL, T. (1982). Ecology of heterotrophic micro-
flagellates IV. Quantitative_occurrence and importance as 














FENCHEL, T. and BLACKBURN, T.H. (1979). Bacteria and 
mineral cycling. Acad. Press. London and N.Y. 
FENCHEL. T.M. and JORGENSEN, B.B. (1977). Detritus food 
chains of aquatic ecosystems: the role of bacteria. Adv. 
Mircob. Ecol. ~ 1 - 58. 
FERGUSON, R.K., BUCKLEY, E.N. and PALUMBO, A.V. (1984). 
Response of bacterioplankton to differential filtration 
and confinement. Appl. Environ. Microbial. 47 : 49 - 55. 
FIELD. J .G. (1970). The use of numerical methods to 
determine benthic distribution patterns from dredgings in 
False Bay. Trans. R. Soc. S. Afr. 11 183 - 200. 
FIELD, J .G. (1971). A numerical analysis of changes in 
the soft bottom fauna along a transect across False Bay. 
South Africa. J. exp. mar. Biol. Ecol. z : 215 - 253. 
FIELD, J .G. (1984). Flow patters of energy and matter. 
IQ: o. Kinne (Ed.). Marine Ecology. ~ (2) : 758- 794. 
FIELD, J.G. (1971). A numerical analysis of changes in 
the soft bottom fauna along a transect across False Bay. 
South Africa. J. exp. mar. Biol. Ecol. z : 215 - 253. 
FIELD, J .G. (1984). Flow patterns of energy and matter. 
In: o. Kinne (Ed.): Marine Ecology. ~ (2) : 758- 794. 
FIELD. J .G.. CLARKE. K.R. and WARWICK, R.M. (1982). A 
practical strategy for analysing multispecies distribution 
patterns. Mar. Ecol. Prog. ser. ~ : 37 - 52. 
FIELD, J .G. and McFARLANE, G. (1968). Numerical methods 
in marine ecology. I. A quantitative similarity analysis 
of rocky shore samples in False Bay. South Africa. Zool. 
Afr. 1 119 - 138. 
FLOODGATE, G.D .• FOGG, G.E. JONES, D.A .• LOCHTE. K. and 
TURLEY. C.M. (1981). Microbiological and zooplankton 
activity at a front in Liverpool Bay. Nature. London. 229 
: 133 - 136. 
FOGG. G . E . ( 19 6 6 ) . The extracellular products of algae. 
oceanoqr. Mar. Biol. Ann. Rev. ~ : 195 : 212. 
FOGG. G.E. (1~71). Extracellular products of algae in 
freshwater. Arch. Hydrobiol. ~ : 1 - 25. 
FOGG. G.E .• EGAN. B .• HOY. S., LOCHTE, K .• SCROPE-HOWE. S. 
and TURLEY. C.M. (1985a). Biological studies in the 
vicinity of a shallow-sea tidal mixing front. I. 
Physical and Chemical background. Phil. Trans. R. Soc. 
Lond. B310 407 - 433. 
FOGG. G.E .• EGAN. B .• FLOODGATE. G.D .• JONES. D.A .• KASSAB. 
J.Y .• LOCHTE. K .• REES. E.I .• SCROPE-HOWE. D.A. and TURLEY. 
C.M. {1985b). Biological studies in the vicinity of a 
shallow-sea tidal mixing front. VI I. The frontal 
ecosystems. Phil. Trans. R. Soc. Lond. B310 : 555 - 571. 
FUHRMAN. J.A.. AMMERMAN. J.W. and AZAM. F. {1980). 
Bacterioplankton in the coastal euphotic zone: 
Distribution. activity and possible relationships with 
phytoplankton. Mar. Biol. 60 : 201 - 207. 
FUHRMAN. J .A .• EPPLEY. R.W .• HAGSTROM. A. and AZAM. F. 
{1985). Diel variations in bacterioplankton. phytoplankton 
and related parameters in the southern California Bight. 
Mar. Ecol. Proq. Ser. 27 9 - 20. 
FUKAMI. K .• SIMIDU. U. and TAGA. N. (1981). Fluctuation 
in the communities of heterotrophic bacteria during the 
decomposition process of phytoplankton. J. exp. mar. Biol. 
Ecol. ~ : 171 - 184. 
FUKAMI. K .• SIMIDU. U. and TAGA. N. (1983). Changes in a 
bacterial population during the process of degradation of a 
phytoplankton bloom in a brackish lake. Mar. Biol. 76 
253 - 255. 
28~ 
FUKAMI, K .• SIMIDU. U. and TAGA. N. (1985a). Microbial 
decomposition of phyto- and zooplankton in seawater. I. 
Changes in organic matter. Mar. Ecol. Proq. ser. £1 1 -
5 • 
FUKAMI. K .• SIMIDU. U. and TAGA. N. (1985b). Microbial 
decomposition of phyto- and zooplankton in seawater. II. 
Changes in the bacterial community. Mar. Ecol. Proq. 
Ser.21 : 7 - 13. 
GAMBLE, J.C .• DAVIES. J.M. and STEELE •. J.H. (1977). Loch 
Ewe bag experim9nt. 1974. Bull. Mar. Sci. 27 : 146 - 175. 
GAST. V. {1985). Bacteria as a food source for microzoo-
plankton in the Schlei Fjord and Baltic Sea with special 
reference to ciliates. Mar. Ecol. Proq. Ser. 22 : 107 -
120. 
GOCKE. K. { 1977). Heterotrophic activity. 
heimer. G. {Ed.): Microbial ecology of a 
seawater environment. Springer-Verlag: 
~~~~~----~~~~~~ 
Heidelberg. N.Y. pp198-222. 





ability of dissolved free glucose to heterotrophic micro-
organisms. Mar. Biol. ~ : 209 - 216. 
282 
GOERING. J.J .• DUGDALE. R.C. and MENZEL. D.W. (1964). 
Cyclic diurnal variations in the uptake of ammonia and 
nitrate by photosynthetic organisms in the sargasso Sea. 
Limnol. oceanogr. i : 448 - 451. 
GOULDER. R. (1977). Attached and free bacteria in an 
estuary with abundant suspended solids. J. Appl. Bacteriol. 
ll : 399 - 405. 
GRAY. J. S. • FIELD. J. G. • AZAM. F. • FENCHEL. T •• MEYER-REIL. 
L-A. and THINGS TAD. F. ( 1984). The role of free bacteria 
and bactivory. In: Fasham. M.J.R. (Ed.): Flows of energy 
and materials in Marine ecosystems. 
pp707-723. 
GRICE • G . D . and REEVE • M. R . ( 19 8 2 ) . 
biological and chemical research 
ecosystems. Springer-Verlag. N.Y. 
Plenum Press. N.Y. 
Marine mesocosms -
in experimental 
GRICE, G.D.. REEVE. M.R. KOELLER. P. and MENZEL. D.W. 
(1977). The use of large volume. transparent. enclosed 
sea surface water columns in the study of stress on 
plankton ecosystems. 
: 118 - 133. 
Helgolander Wiss. Meeresunters. 30 
GRIFFITHS. A.J. and LOVITT. R. (1980). Use of numerical 
profiles for studying bacterial diversity. Microb. Ecol. 
.§. : 35 - 43. 
283 
GRIFFITHS, C.L. and STENTON-DOZEY, J. (1981). The fauna 
and rate of degradation of stranded kelp. Estuar. Coast. 
Mar. Sci. 12 : 645 - 613. 
GRIFFITHS, R.P., HAYASAKA, S.S., McNAMARA, T.M. and MORITA, 
R. Y. ( 1977). Comparison between two methods of assaying 
relative microbial activity in marine environments. Appl. 
Environ. Microbial. 1i : 801 - 805. 
w. (1972). Organic substances. GUNKEL, 
(Ed. ) : 
1549. 
Marine Ecology. 1 : 3. Wiley, London. 
0. Kinne 
pp1534 -
HAGSTROM, A., AMMERMAN, J .W., HENRICHS, S. 
(1984). Bacterioplankton growth in seawater: 
and AZAM, F. 
II. Organic 
matter utilisation during· steady state growth in seawater 
cultures. Mar. Ecol. Prog. Ser. ~ : 41 - 48. 
HANSON, R.B. 
distribution, 
and LOWERY, H.K. (1985). Spatial 
structure, biomass and physiology of 
Southern ocean Frontal microbial assemblages across the 
Zones during the late austral 
Microbial. 49 : 1029 - 1039. 
winter. Appl. Environ. 
HANSON, R.B., SHAFER, D., RYAN, T., POPE, D.H. and LOWERY, 
H.K. (1983). Bacterioplankton in Antarctic Ocean waters 
284 
during late austral winter: abundance. frequency of divid-
ing cells. and estimates of production. Appl. Environ. 
Microbiol. 45 1622 - 1632. 
HANSON. R.B. and WIEBE. W.J. (1977). Heterotrophic 
activity associated with particulate size fractions in a 
Spartina alterniflora - salt marsh estuary. Sapelo Island. 
Georgia. u.s. A. ·and the continental shelf waters. Mar. 
Biol. !£ : 321 - 330. 
HAUXHURST. J.D .• KANEKO. T. and ATLAS. R.M. (1981). 
Characteristics of bacterial communities in the Gulf of 
Alaska. U.S.A. Microb. Ecol. 7 : 167 - 182. 
HELLEBUST. J.A. (1974). Extracellular products. In: 
Stewart. W.D.F. (Ed.): Algal physiology and biochemistry. 
Blackwell Scientific Publ .• Oxford. pp838- 863. 
HERBERT. R.A .• BROWN. C.M. and STANLEY. S.O. (1977). 
Nitrogen assimilation in marine environments. 
Skinner. F.A. and Shewan. J.M. (Eds): Aquatic 
Microbiology. 
pp161 - 177. 
Acad. Press. London. N.Y.. san Francisco. 
HOBBIE. J .E .• DALEY. R.J. and JASPER. S. (1977). Use of 
nuclepore filters for counting bacteria by epifluorescent 
microscopy. Appl. Environ. Microbiol. l1 1225 - 1228. 
285 
HODGSON, D.A. and CHATER, K.F. {1981). A chromosomal 
locus controlling extra-cellular agarase 
Streptomyces coelicolor A3{2), and its 




biol. 124 339 - 348. 
HOLLIGAN, P.M., HARRIS, R.P., NEWELL, R.C., HARBOUR, D.S., 
HEAD, R.N., LINLEY, E.A.S., LUCAS, M.I., TRANTER, P.R.G. 
and WEEKLEY, C.M. {1984a). Vertical distribution and 
partitioning of organic carbon in mixed, frontal and 
stratified waters of the English Channel. Mar. Ecol. Proq. 
Ser. 14 111 - 127. 
HOLLIGAN, P.M., WILLIAMS, P.J. LE B., 
HARRIS, R.P. {1984b). Photosynthesis, 
nitrogen supply of plankton populations 
frontal and tidally mixed shelf waters. 
Ser. 17 : 201 - 213. 
PURDIE, D. and 
respiration and 
in stratified, 
Mar. Ecol. Proq. 
HOLM-HANSEN, o. (1969). Determination of microbial biomass 
in ocean profiles. Limnol. Oceanoqr. 14 : 740 - 747. 
HOLM-HANSEN, 
(1966). A 
0., STRICKLAND, J.D.H. and WILLIAMS, P.M. 
detailed analysis of biologically important 
in a profile off southern California. Limnol. 




HOPPE, H.G. (1977). Analysis of actively metabolizing bac-
terial populations with the autoradiographic method. In: 
Rheinheimer, G. (Ed.): Microbial ecology of a brackish 
water environment. Ecol. Studies ~- springer-Verlag, 
Berlin, Heidelberg, N.Y. 
HOPPE, H.G. (1978). Relations between active bacteria and 
heterotrophic potential in the sea. Neth. J. Sea Res. 12 
: 78 - 98. 
HUTCHINGS. L. ( 1979). zooplankton of the Cape Peninsula 
upwelling region. PhD thesis. University of Cape Town. 
HUTCHINGS, L. (1981). The formation of plankton patches 
in the southern Benguela current. In: Richards, F .A. 
(Ed.): Coastal Estuarine Sciences I : Coastal Upwelling. 
Am. Geophys, Union, Washington, D.C. pp496 - 506. 
HUTCHINGS, L. ARMSTRONG, D.A. and MITCHELL-INNES, B.A. 
(1985). The frontal zone in the southern Benguela current. 
In: Bas, c., Margalef, R. and Rubies, P. (Eds): Int. 
Symp. on the most important upwelling areas off Western 
Africa. (Cap Blanco and Benguela). Instit. Invest. Pesq., 
Barcelona. (In press) 
HUTCHINGS, L., HOLDEN, C. and MITCHELL-INNES, B. (1984). 
Hydrological and shipboard monitoring of upwelling off the 
Cape Peninsula. s. Afr. J. Sci. 80 83 - 89. 
287 
IGNATIADES, L. and FOGG, G. E. (1973). Studies on factors 
affecting the release of organic matter by Skeletonema 
costatum (Greville) Cleve in culture. J. Mar. Biol. Ass. 
U.K. i1 : 937 - 956. 
ITTEKOT, V., BROCKMANN, V., MICHAELIS, W. and DEGENS, E.T. 
(1981). Dissolved free and combined carbohydrates during a 
phytoplankton bloom in the northern North Sea. Mar. Ecol. 
Prog. Ser. ~ : 299 - 305. 
ITTURIAGA, R. (1979). Bacterial activity related to sedi-
menting particulate matter. Mar. Biol. ~ : 157 - 169. 
ITTURIAGA, R. (1981). 
extracellular products; 
Phytoplankton photoassimilated 
heterotrophic utilisation in 
marine environments. 
318 - 324. 
Kieler Meeresforsch. Sonderh. 
ITTURIAGA, R. and HOPPE, H.G. {1977). Observations of 
heterotrophic activity on photoassimilated organic matter. 
Mar. Biol. 40 : 101 - 108. 
JACOBSEN, T.R., HODSON, R.E., MacCUBBIN, A.E. and POMEROY, 
L.R. (1985). Influence of a Gulf Stream intrusion on 
abundance and activity of phytoplankton and bacteria-
plankton off the coast of Florida, u.s.A. Proc. 19th 
Euro. Mar. Biol. Symp. pp39 - SO. 
288 
JAHNKE, J., BROCKMANN, U.H., ALETSEE, L. and HAMMER, K.D. 
(1983). Phytoplankton activity in enclosed and free marine 
ecosystems in a southern Norwegian fjord during Spring 
1979. Mar. Ecol. Prog. Ser. 14 : 19- 28. 
JENSEN, L.M. (1983). Phytoplankton release of extra-
cellular organic carbon; molecular weight composition, 
and bacterial assimilation. Mar. Ecol. Prog. Ser. 11 
39 - 48. 
JOINT, I.R., and MORRIS, R.J. (1982). The role of bacteria 
in the turnover of organic matter in the sea. oceanogr. 
Mar. Biol. Ann. Rev. 20 : 65 - 118. 
JOINT, I.R. and POMROY, A.J. (1982). Aspects of heterotro-
phic production in a highly turbid estuary. J. exp. mar. 
Biol. Ecol. ~ : 33 - 46. 
JOIRIS, c .. BILLEN, G. • LANCELOT, c .. DARO, M.H., 
MOMMAERTS, J.P., BERTELS, A., BOSSICART, M., NIJS, J. and 
HECQ, J .H. (1982). A budget of carbon cycling in the 
Belgian coastal zone: relative roles of zooplankton, 
bacterioplankton and benthos in the utilisation of primary 
production. Neth. J. Sea. Res. ~ : 260 - 275. 
289 
JONES. J .G. (1973). Studies on, freshwater bacteria: the 
effects of enclosure in large experimental tubes. J. Appl. 
Bacterial. 2i : 445 - 456. 
JONES. J .G. (1977). The study of aquatic microbial com-
munities. In: Skinner. F.A. and Shewan. J.M. (Eds): 
Aquatic Microbiology. Soc. App. Bact. Symp. Ser. ~ : 1 -
29. 
JURY. M.R .• KAMSTRA. F. and TAUNTON-CLARK. J. (1985a). 
Synoptic summer wind cycles and upwelling off the Southern 
paction of the Cape Peninsula. s. Afr. J. Mar. Sci. 2 
33 - 42. 
JURY. M.R .• KAMSTRA. F. and TAUNTON-CLARK. J. (1985b). 
Diurnal wind cycles and upwelling off the Northern portion 
of the Cape Peninsula in summer. s. Afr. J. Mar. Sci. 2 
1 - 42. 
KANEKO. T .• ATLAS. R.M. and KRICHEVSKY. M. (1977). Diver-
sity of populations in the Beaufort Sea. Nature. London. 
270 : 596 - 599. 
KANEKO. T .• KRICHEVSKY. M. and ATLAS. R.M. (1979). Numeri-
cal taxonomy of bacteria from the Beaufort Sea. J. Gen. 
Microbial. 110 : 111 - 125. 
290 
KANETA, P.J., LEVANDOWSKY, M. and ESAIAS, W. (1985). 
Multivariate analysis of the phytoplankton community in 
the New York Bight. Mar. Ecol. Proq. Ser. 11 : 231 - 239. 
KAPER, J.B., LOCKMAN, H., REMMERS, E.F .. , KRISTENSEN, K. 
and COLWELL, R.R. (1983). Numerical taxonomy of Vibrios 
isolated from estuarine environments. Int. J. syst. Bac-
teriol. 11: 229·- 255. 
KAROLEFF I F. ( 1976). Determination of urea. K. 
· Grasshoff (Ed.): Methods of seawater analysis. Verlag. 
Chem., Berlin. pp145 - 149. 
KATTNER, G., HAMMER, K.D., EBERLEIN, K., BROCKMANN, U.H., 
JAHNKE, J. and KRAUSE, M. (1983). Nutrient and plankton 
development in Rosfjorden and enclosed ecosystems captured 
from changing water bodies during POSER. Mar. Ecol. Proq. 
ser. 14 : 45 - sa. 
KIRCHMAN, D., DUCKLOW, H. and MITCHELL, R. (1982). Esti-
mates of bacterial growth from changes in uptake rates and 
biomass. Appl. Environ. Microbiol. 44 : 1296 - 1307. 
KOBAYASHI, T., ENOMOTO, S., SAKAZAKI, R. and KUWAHARA, S. 
(1963). A new selective isolation medium for pathogenic 
Vibrios: TCBS-agar. Jap. J. Bact. 18 : 387 - 391 . 
. -·· .. :, ~--·- . 
291 
KOIKE, I., HATTORI, A., TAKAHASHI, M. and GOERING, J.J. 
(1982). The use of enclosed ecosystems to study nitrogen 
dynamics in enclosed coastal waters. In: Grice, G.D. and 
Reeve, M.R. (Eds): Marine mesocosms. Springer-Verlag, 
N.Y. pp291 - 303. 
KOOP, K. and GRIFFITHS, C.L. (1982). The relative signifi-
cance of bacteria, macro- and meiofauna on an exposed sandy 
beach. Mar. Biol. ~ : 295 - 300. 
KOOP, K., CARTER, R.A. and NEWELL, R.C. (1982a). Mannitol 
fermenting bacteria as evidence for export from kelp beds. 
Limnol. Oceanogr. 27 950 - 954. 
KOOP, K., NEWELL, R.C. and LUCAS, M.I. (1982b). Biodegra-
dation and carbon flow based on kelp (Ecklonia maxima) 
debris in a sandy beach microcosm. Mar. Ecol. Prog. Ser. 
z : 315 - 326. 
KOOP, K~. NEWELL, R.C. and LUCAS, M.I. (1982c). Microbial 
regeneration of nutrients from the decomposition of macro-
phyte debris on the shore. Mar. Ecol. Prog. Ser. ~ : 9 -
96. 
KOOP~ K. and LUCAS, M.I. (1983). carbon flow and nutrient 
regeneration from the decomposition of macrophyte debris in 
292 
a sandy beach microcosm. l= McLachlan A. and Erasmus, T. 
(Eds): Sandy beaches as ecosystems. W. Junk publishers, 
The Hague. pp349 - 363. 
KRUSKAL, J.B. and WISH, M. 
scaling. Sage Publ., Calif. 
(1978). Multidimensional 
KUIPER. J. (1977). Development of North Sea coastal plank-
tonic communities in separate plastic bags under identical 
conditions. Mar. Biol. 44 : 97 - 107. 
KUIPER, J . , BROCKMANN, U. H. , VAN HET GROENEWOUD, H. , HOORNS-
MAN, G. and HAMMER, K.D. (1983). Influences of bag dimen-
sions on the development of enclosed plankton communities 
during POSER. Mar. Ecol. Proq. Ser. 1! : 9 - 17. 






1206 - 1211. 
sp. Appl. Environ. 
KUZNETSOV, S.I., DUBININA, G.A. and LAPTEVA, N.A. (1979). 
Biology of oligotrophic bacteria. Ann. Rev. Micro. 21 
377 - 387. 
LAAKE, M., DAHLE, A.B., EBERLEIN, K. and REIN, K. (1983a). 
A modelling approach to the interplay of carbohydrates. 
bacteria and non-pigmented flagellates in a controlled 
293 
ecosystem experiment with Skeletonema costatum. Mar. Ecol. 
Proq. Ser. l! : 71 - 79. 
LAAKE. M .• DAHLE. A.B .• and HENTZSCHEL. G. (1983b). Pro-
ductivity and population diversity of marine organotrophic 
bacteria in enclosed planktonic systems. Mar. Ecol. Proq. 
~ 14 : 59- 69.' 
LAANBROEK. H.J .• VERPLANKE. J .C. DE VISSCHER. P.R.M. and 
DE VUYST. R. ( 1985). Distribution of phyto- and bacterio-
plankton growth and biomass parameters. dissolved inorganic 
nutrients and free amino acids during a spring bloom in the 
oosterschelde basin. the Netherlands. Mar. Ecol. Proq. 
Ser. 25 : 1 - 11. 
LACK. T.J. and LUND. J.W.G. (1974). Observations and 
experiments on the phytoplankton of Blelham Tarn. English 
Lake District. I The experimental tubes. Freshwater 
Biol. ~ : 399 - 415. 
LANCELOT. c. (1979). Gross excretion rates of natural 
.i 
marine phytoplankton and heterotrophic uptake of excreted 
products in the southern North Sea. as determined by short-
term kinetics. Mar. Ecol. Proq. Ser. 1 : 179 - 186. 
294 
LANCELOT, C. ( 1984). Extracellular release of small and 
large molecules by plankton in the southern bight of the 
North s~a. Estuar. Coast Shelf. Sci. ~ : 65 - 77. 
LANCELOT, C. and BILLEN, G. ( 1984). Activity of hetero-
trophic bacteria and its coupling to primary product ion 
during the spring phytoplankton bloom in the southern bight 
of the North Sea. Limnol. Oceanoqr .. ll : 721 - 736. 
LARSSON, U., and HAGSTROM, A. (1979). Phytoplankton extra-
cellular release as an energy source for bacterial growth 
in a pelagic environment. Mar. Biol. ~ : 199 - 206. 
LARSSON, U. and HAGSTROM, A. (1982). Fractionated primary 
production, exudate release and bacterial production in a 
Baltic eutrophication gradient. Mar. Biol. i2 : 57 - 70. 
LEGENDRE, L. (1981). Hydrodynamic control of marine 
phytoplankton production: the paradox of stabi 1 i ty. In: 
Nihoul, J.C.E. (Ed. ) : Ecohydrodynamics. Elsevier, 
Amsterdam, pp191 - 207. 
LEGENDRE, L. and LEGENDRE, P. (1982). Numerical Ecology. 
Elsevier, Amsterdam. 
295 
LIEBEZEIT, G., BOLTER, M., BROWNE, J .F. and DAWSON, R. 
(1980). Dissolved free amino acids and carbohydrates at 
pycnocline boundaries in the Sargasso Sea and related 
microbiological activity. Oceanoloqia Acta ~ : 357 - 362. 
LINEWEAVER, H., BURK, D. and DEMING, W.E. (1934). The 
determination of enzyme dissociation constants. J. Amer. 
Chern. Soc. ii 225 - 230. 
LINLEY, E.A.S. (1983). The role of micro-organisms in the 
decomposition of plant detritus in the sea. PhD Thesis. 
Univ. Exeter. 205pp. 
LINLEY, E.A.S. and FIELD, J.G. (1982). The nature and 
ecological significance of bacterial aggregation in a near-
shore upwelling ecosystem .. Estuar. coast. Mar. Sci. 14 
1 - 11. 
LINLEY, E.A.S. and NEWELL, R.C. (1981). Microheterotrophic 
communities associated with the degradation of kelp debris. 
Kieler Meersforsch. Sonderh. ~ : 345 - 355. 
LINLEY, E.A.S. and NEWELL, R.C., BOSMA, S. (1981). Hetero-
trophic utilisation of mucilage released during fragmenta-
tion of kelp (Ecklonia maxima and Laminaria pallida). I. 
Development of microbial communities associated with the 
296 
degradation of kelp mucilage. Mar. Ecol. Proq. Ser. ~ 
31 - 41. 
LINLEY, E.A.S. NEWELL, R.C. and LUCAS, M.I. (1983). Quan-
titative relationships between phytoplankton, bacteria and 
heterotrophic microflagellates in shelf waters. Mar. Ecol. 
Proq. Ser. 12 : 77 - 89. 
LOCHTE, K. (1985). Biological studies in the vicinity of a 
shallow-sea tidal mixing front. III. 
distribution of heterotrophic uptake 
Trans. R. Soc. Land. B310 : 445 - 469. 
seasonal and spatial 
of glucose. Phil. 
LOCHTE, K. and TURLEY, C.M. (1985). Heterotrophic activity 
and carbon flow via bacteria in waters associated with a 
tidal mixing front. 
pp73 - as. 
Proc. 19th Euro. Mar. Biol. symp. 
LODER, J .W. and PLATT, T. (1985). Physical controls on 
phytoplankton production at tidal fronts. Proc. 19th Euro. 
Mar. Biol. Symp. pp3 - 21. 
LOVELL, C.R. and KANOPKA, A. (198Sa). Primary and 
bacterial production in two dimictic Indiana lakes. Appl. 
Environ. Microbial. 49 : 485 - 491. 
- ---- ~--- ---~ -- ---..,_ ... -~· ·-;-·· -
297 
LOVELL, C.R. and KANOPKA, A. (1985b). Seasonal bacterial 
production in a dimictic lake as measured by increases in 
cell numbers and thymidine incorporation. Appl. Environ. 
Microbiol. ~ : 492 - 500. 
LUCAS, M.I., NEWELL, R.C. and VELIMIROV, B. (1981). 
Heterotrophic utilisation of mucilage released during 
fragmentation of kelp (Ecklonia maxima and Laminaria 
pallida). 2. Differential utilisation of dissolved 
organic compounds from kelp mucilage. 
ser. .i : 43 - 55. 
Mar. Eco 1. Proq. 
LUCAS, M.I. (1985). Decomposition in marine systems. !!..:_ 
Limnol. Soc. Sth Afr. (In Press). 
LUCAS, M.I., PAINTING, S.J. and MUIR, D.G. (1985). Esti-
mates of carbon flow through bacterioplankton in the 
southern Benguela region based on 3H thymidine uptake 
and predator free incubation. 
Bact. Mar., Brest. (In press). 
Proc. 2~ Colloq. Int. 
LURIA, S.E. (1960). The bacterial protoplasm: composition 
and organisation. Gunsalus, I.C. and Stanier, R.Y. 
(Eds): The Bacteria. Acad. Press, N.Y., Lond. 1- 34. 
298 
"{" 
LUTJEHARMS. J .R.E. (1981). Satellite studies of the South 
Atlantic upwelling system. In: Gower, J .F.R. (Ed.): 
Oceanography from space. Plenum Press. N.Y. pp195 - 199. 
MACDONELL. M.T. and HOOD. M.A. (1982). Isolation and 
characterisation of ultra-microbacteria from a Gulf coast 
estuary. Appl. Environ. Microbiol. 12 : 566 - 571. 
MALLORY, L.M .• YUK. C., LIANG, L. and ALEXANDER, M. (1983). 
Alternative prey: a mechanism for elimination of bacterial 
species by protozoa. Appl. Environ. Microbiol. ~ : 1073 
- 1079. 
MARGALEF. R. (1951). Diversity of species in natural com-
munities. Publ .. Inst. Biol. Apl. (Barcelona) ~ : 5 - 28. 
MARGALEF. R. (1967). Some concepts relative to the organi-
sation of phytoplankton. Oceanogr. Mar. Biol. Ann. Rev. 
2 : 257 - 289. 
MARGALEF. R. (1968). Perspectives in ecological theory. 
Univ. Chicago Pr., Chicago. 
MARTIN. Y.P. (1980). Succession ecologique de communautes 
bacteriennes au cours de !'evolution d'un ecosysteme phyto-
planktonique marin experimental. Oceano!. Acta ~ : 293 -
300. 
299 
MARTIN, Y.P. and BIANCHI, M.A. (1980). Structure, 
diversity and catabolic 
heterotrophic bacterial 
continuous cultures of 
potentialities of aerobic 
populations associated with 
natural marine phytoplankton. 
Microb. Ecol. i : 265 - 279. 
MARTIN, P. and MacLEOD, R.A. (1984). Observations on the 
distinction between oligotrophic and eutrophic marine 
bacteria. Appl. Environ. Microbial. 47 : 1017 - 1022. 
MAZURE, H.G.F. {1977). Bacteria associated with kelp 
fronds in the Benguela Upwelling System and their 
ecological importance. PhD thesis. Univ. of Cape Town. 
MAZURE, H.G.F. {1978). The seasonal cycle of bacteria in 
a west coast kelp bed. Trans. R. Soc. s. Afr. !2 : 119 -
124. 
MAZURE, H. ( 19 8 0 ) . Density and ecological importance of 
bacteria on kelp fronds in an upwelling region. J. exp. 
mar. Biol. Ecol. 12 : 173 - 182. 
MENZEL, D.W. (1977). Summary of experimental results: 
controlled ecosystem pollution experiment. Bull. Mar .. Sci. 
27 : 142 - 145. 
300 
MEYER-REIL, L-A. (1977). Bacterial growth rates and 
biomass production. g: Rheinheimer, G. (Ed.): 
Microbial ecology of a brackish water environment. 
Springer-Verlag, Berlin, Heidelberg, N.Y. pp223 - 236. 
MEYER-REIL, L-A. ( 1978a). Uptake of glucose by bacteria 
in the sediment. Mar. Biol. 44 293 - 298. 
MEYER-REIL, L-A. (1978b). Autoradiography and epifluores-
cent microscopy combined for the determination of number 
and spectrum of actively metabolising bacteria in natural 
waters. Appl. Environ. Microbiol. li : 506 - 512. 
MEYER-REIL, L-A. ( 1982). Bacterial biomass and heterotro-
phic activity in sediments and overlying waters. In: 
Hobbie, J.E. and Williams, P.J. Le B. (Eds): Heterotrophic 
activity in the sea. Plenum Press~ N.Y. and Lond. pp523 -
546. 
MEYER-REIL, L-A., BOLTER, M., LIEBEZEIT, G. and SCHRAMM, W. 
(1979). Short term variations in microbiological and 
chemical parameters. Mar. Ecol. Prog. Ser. ~ : 1 - 6. 
MILLS, A.L. and WASSEL, R.A. (1980). Aspects of diversity 
measurement for microbial communities. Appl. Environ. 
Microbiol. 40 578 - 586. 
301 
MOLONEY, C.L., BERGH, M.O., FIELD, J.G. and NEWELL, R.C. 
(1986). The effect of sedimentation and microbial nitrogen 
regeneration in a plankton community: a simulation inves-
tigation. J. Plankton Res. ~ : 427 - 445. 
MORITA, R. Y. ( 1982). Starvation-survival patterns of 
heterotrophs in the marine environment. Adv. Microb. Ecol . 
.§. : 171 - 198. 
MORITA, R. Y. ( 1984a). Substrate capture by marine hetero-
trophic bacteria in low nutrient waters. In: Hobbie, J.E. 
and Le B. Williams, P.J. (Eds): Heterotrophic activity in 
the sea. Plenum Publ. Corp. N.Y. pp83 - 100. 
MORITA, R.Y. (1984b). Feast or famine in the deep sea. 
Dev. Indust. Microbial. ~ : 5 - 16. 
MORRIS, I. and SKEA, W., (1978). Products of photosyn-
thesis in natural populations of marine phytoplankton from 
the Gulf of Maine. Mar. Biol. 47 303 - 312. 
MOSTERT, S.A. (1983). Procedures used in south Africa for 
the automatic photometric determinations of micro-nutrients 
in seawater. s. Afr. J. Mar. Sci. 1. : 189 - 198. 
302 
MURRAY. R.E. and HODSON. R.E. (1985). Annual cycle of 
bacterial secondary production in five aquatic habitats of 
the Okefenokee swamp ecosystem. Appl. Environ. Microbiol . 
.!.2. : 650 - 655. 
NELSON. G. and HUTCHINGS. L. ( 1983). The Benguela 
upwelling area. Proq. Oceanoqr. 12 : 333 - 356. 
NEWELL. R.C. (1982). The energetics of detritus utilisa-
tion in coastal lagoons and nearshore waters. Oceano!. 
Acta SP : 347 - 355. 
NEWELL. R.C. (1983). The biological role of detritus in. 
the marine environment. In: Fasham. J. R. (Ed.): Flows of 
energy and materials in marine ecosystems. 
Corp. N.Y. pp317 - 343. 
Plenum Publ. 
NEWELL. R.C. and FIELD. J.G. (1983). The contribution of 
bacteria and detritus to carbon and nitrogen flow in a 
benthic community. Mar. Biol. Letters 4 : 23 - 36. 
NEWELL. R.C. and LUCAS. M.I. (1981). The quantitative 
significance of dissolved and particulate organic matter 
released during fragmentation of kelp in coastal waters. 
Kieler. Meeresforsch. sonderh. ~ : 356 - 369. 
303 
NEWELL, R.C., LUCAS, M.I. and LINLEY, E.A.S. (1981). Rate 
of degradation and efficiency of conversion of phytoplank-
ton debris by marine micro-organisms. Mar. Ecol. Proq. 
ser. i : 123 - 136. 
NEWELL, R.C., LUCAS, M.I., PAINTING, S.J. and FIELD, J.G. 
(1985). Some estimates of carbon and nitrogen flux through 
pelagic communities in coastal waters. Proc. 19th Euro. 
Mar. Biol. Symp., Plymouth. pp 51- 59. 
NEWELL, R.C., LUCAS, M.I. and VELIMIROV, B. (1980). Quan-
titative significance of dissolved organic losses following 
fragmentation of kelp (Ecklonia maxima and Laminaria pal-
lida). Mar. Ecol. Proq. Ser. ~ : 45 - 59. 
NOVITSKY, J.A. (1983). Heterotrophic activity throughout 
a vertical profile of seawater and sediment 




NOVITSKY, J.A. and MORITA, R.Y. (1976). Morphological 
characterization of small cells resulting from nutrient 
starvation of a psychrophi lie marine Vibrio. Appl. 
Environ. Microbial. 2I : 617 - 622. 
304 
NOVITSKY. J.A. and MORITA. R.Y. (1977). Survi va 1 of a 
psychrophilic marine Vibrio under long-term nutrient star-
vation. Appl. Environ. Microbiol. 11 : 635 - 641. 
NOVITSKY. J.A. and MORITA. R.Y. (1978). Possible strategy 
for the survival of marine bacteria under starvation con-
ditions. Mar. Biol. 48 : 289 - 296. 
NYDAHL • F . ( 19 7 6 ) . On the optimum conditions for the 
reduction of nitrate to nitrite by cadmium. Talanta £1 
349 - 357. 
OLIVER. J.D. {1982). Taxonomic scheme for the identifica-
tion of marine bacteria. Deep Sea Res. ~ : 795 - 798. 
OLIVIERI. E.T .• HUTCHINGS. L .• BROWN. P.C. and BARLOW. R.G. 
( 1985). The development of phytoplankton communi ties in 
terms of their particle size frequency distribution. in 
newly upwelled waters of the southern Benguela cur rent. 
In: Bas. c.. Margalef. R. and Rubies. P. (Eds): Int. 
symposium on the most important upwelling areas off 
Western Africa. {Cap Blanco and Benguela). Barcelona. 
Inst. Invest. Pesq. (In press). 
OWEN. R.W. (1981). Fronts and eddies in the sea: mecha-
nisms. interactions and biological effects. In: Longhurst. 
305 
A.R. (ed.): Analysis of marine ecosystems. Acad. Press. 
London. pp197 - 233. 
PAINTING. S.J. LUCAS. M.I. and STENTON-DOZEY, J.M.E. 
(1985). The South African Sibex I cruise to the Prydz Bay 
region, 1984: X. Biomass and production of bacteria in 
Prydz Bay, Antarctica. and .phytoplankton, detritus and 
bacterial relationships. s. Afr. T. Nav. Antark 15 : 42 
- 52. 
PALUMBO. A. V. • FERGUSON. R. L. and RUB LEE, P. A. ( 19 8 3) . 
Efficient utilisation of dissolved free amino acids by 
suspended marine bacteria. J. exp. mar. Biol. Ecol. ii 
257 - 266. 
PARSONS, T.R. and STRICKLAND. J.D.H. {1962). On the pro-
duction of Particulate Organic Carbon by heterotrophic 
processes in sea water. Deep Sea Res. Oceanogr. Abst. ~ 
: 211 - 222. 
PIELOU. E.C. (1966). The measurement of diversity in dif-
ferent types of biological collections. J. Theor. Biol. 
1. : 131 - 144. 
PINGREE. R.D .• FORSTER. G.R. and MORRISON. G.K. (1974). 
Turbulent convergent tidal fronts. J. mar. biol. Assoc. 
469 - 479. 
306 
PINGREE. R.D .• HOLLIGAN. P.M. and HEAD, R.N. (1977). Sur-
vival of dinoflagellate blooms in the western English 
Channel. Nature 265 : 266 - 269. 
POINDEXTER. J .s. (1981). Oligotrophy - feast or famine 
existence. Adv. Microbial Ecol. i : 63 - 89. 
POMEROY. L . R . ( 19 8 4 ) . Microbial processes in the sea: 
Diversity in nature and science. Hobbie • J . E . and 
Wi 11 iams. P. J. Le B. (Eds): Heterotrophic activity in the 
~- Plenum Press. N.Y. and Lond. pp1 - 23. 
PROBYN. T.A. (1985). Nitrogen uptake by size fractionated 
phytoplankton populations in the Southern Benguela 
Upwelling system. Mar. Ecol. Proq. Ser. 22 : 249 - 258. 
RIEMANN. B. and SONDERGAARD. M. (1984). Bacterial growth 
in relation to phytoplankton primary production and extra-
cellular release of organic carbon. In: Hobbie, J.E. and 
Williams, P.J. Le B. (Eds): Heterotrophic activity in the 
sea. Plenum Press, N.Y. and Lond. pp233 - 248. 
ROBB, F.T., DAVIS, C.L. and MUIR, D.G. (1985). Maintenance 
of discrete bacterial populations in adjacent marine habi-
tats. Proc. 2~ Colloq. Int. Bact. Mar .• Brest, 
France. (In press). 
307 
SAVIDGE. G. (1976). 
tion of Chl a in 
A preliminary study on the distribu-
the Celtic and Western Irish Seas. 
Estuar. coastal Mar. Sci. ~ : 617 - 625. 
SAVIDGE. G .. and FOSTER. P. (1978). Phytoplankton biology 
of a thermal front in the Celtic Sea. Nature 271 : 155 -
157. 
SHANNON. C.E. and WEAVER. W. (1963). The mathematical 
theory of communications. Univ.· Illinois Press. Urbana. 
SHANNON. L.V. (Ed.) (1985a). south African ocean colour 
and upwelling experiment. 
Town. 
SHANNON. L.V. (1985b). 
sea Fisheries Res. Inst .• Cape 
The Benguela ecosystem. Part 1: 
Evolution of the Benguela. physical features and processes. 
Oceanogr. Mar. Biol. Ann. Rev. 12 : lOS·_ 182. 
SHANNON. L. V.. WALTERS. N .M. and MOSTERT. S. A. ( 1985). 
Satellite observations of surface temperature and near-
surface chlorophyll in the Southern Benguela Region. In: 
Shannon. L.V. (Ed.): South African ocean colour and !!P.-
welling experiment. Sea Fisheries Res. Inst .• Cape Town. 
pp183 - 210. 
308 
SHARP, J .H.. FRAKE, A.C., HILLIER, G.B. and UNDERHILL, 
P.A. (1982). Modelling nutrient regeneration in the 
ocean with an aquarium system. Mar. Ecol. Proq. ser. 8 
lS - 23. 
SIEBURTH, J. MeN. (1967). Seasonal selection of estuarine 
bacteria by water temperature. J. exp. mar. Bio 1. Eco 1. 
1 : 989 - 121. 
SIMBERLOFF, D. (1978). Use of rarefaction and related 
methods in ecology. In: Dickson, K.L., Cairns. J. and 
Livingston, R.J. (Eds): Biological data in water pollution 
assessment: quantitative and statistical analyses. ASTM 
STP6S2. Am. Soc. Test. Materials. Philadelphia. pplSO -
l6S. 
SIMON, M. (l98S). Specific uptake rates of amino acids by 
attached and free-living bacteria in a meso trophic lake. 
Appl. Environ. Microbiol. 49 : l2S4 - l2S9. 
SIMUDU, U. and TSUKAMOTO, K. (1985). Habitat segregation 
and biochemical activities of marine members of the family 
Vibrionaceae. Appl. Environ. Microbiol. SO : 781 - 790. 
SOROKIN, Y. I. ( 1971). Bacterial populations as components 
of oceanic ecosystems. Mar. Biol. ll : 101 - lOS. 
309 
SOROKIN. Y. I. and KADOTA, H. (Eds): Techniques for the 
assessment of microbial production and decomposition in 
fresh waters. I.B.P. ~. Blackwell. Lond. 
SOROKIN. Y.I. and MIKHEEV, V.N. (1979). On the charac-
teristics of the Peruvian upwelling system. Hydrobiologia 
g : 165 - 189. 
STARR. M. arid SCHMIDT. E.L. (1981). Prokaryote diversity. 
In: Starr. M.P .• Stolp. H .• Truper. H.G .• Balows. A. and 
Schegel, H. G. (Eds): The Prokaryotes. Springer-Verlag. 
Berlin. pp3 - 42. 
STRICKLAND, J.D.H. and PARSONS, T.R. (1968.) 





STUART. V .• NEWELL, R.C. and LUCAS, M.I. (1981a). Hetero-
trophic utilisation of particulate matter from the kelp 
Laminaria pallida. Mar. Ecol. Prog. Ser. ~ : ~37 - 348. 
STUART, V .• NEWELL, R.C. and LUCAS, M.I. (1981b). Conver-
sion of kelp debris and faecal material from the mussel 
Aulacomya ater by micro-organisms. Mar. Ecol. Prog. Ser. 
z : 47 - 57. 
3~0 
311 
SUSSMAN, A.S. and HALVORSEN, H.O. (1966). Spores, their 
dormancy and germination. Harper and Row, N.Y. 
TABOR, P.S. and NEIHOF, R.A. (1982). Improved microauto-
radiographic method to determine individual micro-organisms 
active in substrate uptake in natural waters. Appl. 
Environ. Microbial. 44 : 945 - 953. 
TABOR, P.S. and NEIHOF, R.A. (1984). Direct determination 
of activities for micro-organisms of Chesapeake Bay popu-, . 
lations. Appl. Environ. Microbial. 48 : 1012 - 1019. 
TABOR, p • s • I OHWADA, K. and COLWELL, R.R. (1981). 
Filterable bacteria found in the deep sea: distribution, 
taxonomy and response to starvation. Microb. Ecol. 7 
69 - 85. 
TAKAHASHI, M. and ICHIMURA, S. (1971). Glucose uptake in 
ocean profiles with special reference to temperature. Mar. 
Biol. 11 : 206 - 213. 
TAUNTON-CLARK, J. (1985), The formation, growth and decay 
of upwelling tongues in response to the mesoscale wind 
field during summer. In: Shannon, L.V. (Ed.): south 
African ocean colour experiment. Sea Fisheries Res. Inst., 
Cape Town. pp47 - 61. 
TAYLOR, G.T., ITTURIAGA, R. and SULLIVAN, C.W. (1985). 
Inter-actions of bactivorous grazers and heterotrophic 
bacteria with dissolved organic matter. Mar. Ecol. Prog. 
ser. ~ : 129 - 141. 
TEATHER, R.M. and WOOD, P.J. (1982). Use of Congo-red -
polysaccharide interactions in enumeration and characteri-
sation of cellulolytic bacteria from the bovine rumen. 
Appl. Environ. Microbial. !2 : 777 - 780. 
THOMAS, J.P. (1971). Release of dissolved organic matter 
from natural populations of marine phytoplankton. Mar. 
Biol. 11 : 311 - 323. 
TORRELLA, F. and MORITA, R.Y. (1982). Starvation induced 
morphological changes, motility and chemotaxis patterns in 
a psychrophilic marine Vibrio. Actes. Colloq. de 
Microbial. Mar. 11 : 45 - 60. 
TRENTHAM, J.N. ,AND JAMES. T.R. (1981). Seasonal selection 
in a freshwater heterotrophic bacterial community. Microb. 
Ecol. 2 : 323 - 330. 
TROUSSELLIER. M. and LEGENDRE. P. (1981). A functional 
evenness index for microbiology. Microb. Ecol. 7 : 283 -
296. 
312 
TURLEY. C . M. ( 19 8 5 ) . Biological studies in the vicinity 
ofa shallow-sea tidal mixing front. IV. Seasonal and 
spatial distribution of urea and its uptake by phyto-
plankton. Phil. Trans. R. Soc. Land. B310 : 471 - 500. 
TURLEY. C.M. and LOCHTE. K. (1985). Direct measurement of 
bacterial productivity in stratified· waters close to a 
front in the Irish Sea. Mar. Ecol. Prog. Ser. ~ 209 
219. 
VACCARO. R.F. and JANNASCH. H.W. (1966). Studies in 
heterotrophic activity in seawater based on glucose 
assimilation. Limnol. Oceanogr. 11 596 - 607. 
VACCARO. R.F .• HICKS. S.E .• JANNASCH. H.W. and CAREY. F.G. 
( 1968). The occurrence and role of glucose in seawater. 
Limnol. Oceanogr. 11 : 356 - 360. 
VAN ES. F.B. and MEYER-REIL. L-A. (1982). Biomass and 
metabolic activity of heterotrophic marine bacteria. Adv. 
Microb. Ecol. ~ 111 - 170. 
WANGERSKY. P.J. (1984). Organic particles and bacteria in 
the ocean. In: Hobbie, J.E. and Williams, P.J. Le B. 
(Eds): Heterotrophic activity in the sea. Plenum Press. 
N.Y. and London. pp263 - 288. 
313 
WHIPPLE. C. E. (1901). Changes that take place in the 
bacterial contents of waters during transportation. In: 
Ferguson. R.L. et al (1984) Technol. Q. Proc. Soc. Arts 
14 : 21 - 29. 
WILLIAMS. P.J. Le B. (1981a). Incorporation of micro-
heterotrophic processes into the classical paradigm of the 
planktonic food web. Kieler Meeresforsch. Sonderh. ~ : l 
- 28. 
WILLIAMS. P.J. Le B. (1981b). Microbial contribution to 
overall plankton community respiration - studies in enclo-
sures. In: Grice. G. D. and Reeve. M.R. (Eds): Marine 
Mesocosms: biological and chemical research in 
experimental ecosystems. Springer-Verlag. Heidelberg. 
pp305 - 321. 
WOLTER. K. (1982). Bacterial incorporation of organic sub-
stances released by natural phytoplankton populations. 
Mar. Ecol. Proq. Ser. 7 : 287 - 295. 
WRIGHT. R.T. (1978). Measurement and significance of 
specific activity in the heterotrophic bacteria of natural 
waters. Appl. Environ. Microbiol. ·li : 297 - 305. 
314 
WRIGHT, R.T. (1984). Dynamics of pools of Dissolved 
Organic Carbon. In: Hobbie, J.E. and Williams, P.J. Le B. 
(Eds): Heterotrophic activity in the sea. Plenum Press, 
N.Y. and London. pp121 - 154. 
WRIGHT, R.T. and HOBBIE, J .E. (1965). Uptake of organic 
solutes in lake water. Limnol. Oceanogr. 10 : 22 - 28. 
WRIGHT, R.T. and HOBBIE, J .E. (1966). Use of glucose and 
acetate by bacteria and algae in aquatic ecosystems. 
Ecology 47 447 - 464. 
ZOBELL, C.E. and ANDERSON, D.Q. (1936). Observations on 
.the multiplication of bacteria in different volumes of 
stored seawater 
solid surfaces. 
and the influence of 
Biol. Bull. Woods Hob. 
oxygen tension and 
71 : 324 - 342. 
ZOBELL, C.E. (1943). The effect of solid surfaces upon 
bacterial activity. J. Bacteriol. 46 : 39 - 56. 
315 
APPENDIX 
Media and reagents 
catalase reagent 
2.0% {v/v) a2o2 in distilled water. 
Carboxymethylcellulose (CMC) plates 













zones of activity are· visualised by flooding the plate with 
a 0.1% w/v (aq.) solution of Congo Red for 15m. Stain is 






(Modified from Teather and Wood, 1982) 








0.5% Peptone-seawater agar 1000.0m1 
(Modified from Cowan and Steel. 1970) 
Gran•s reagent (for visualisation of agrase activity) 
O.OSm iodine in 0.12m KI. 
(Hodgson and Chater. 1981) 




SN Acetic acid 
dimethyl-a-napththylamine 













(Cowan and Steel. 1970) 
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Seawater-nitrate broth 





(Modified from Cowan and Steel. 1970) 












0.1% Peptone-seawater Agar 
0.1% Peptone-seawater broth 
Agar 
0.5% Peptone-seawater Agar 






















Seawater skim-milk agar 
Skim milk powder 
Aq. dist. 
0.1% Peptone-Seawater agar 
Seawater Peptone-glucose· broth 
0.1% Peptone-seawater broth 
glucose 
Seawater Peptone-mannitol broth 














Thiosulphate-Citrate-Bile Salt agar plates {T.C.B.S.) 
NaCl 10.0g 
Sucrose 20.0g 
Sodium citrate 10.0g 

















lS.Oq pH = 8.6 
(Kobayashi et al., 1963) 
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